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EXECUTIVE SUMMARY
The purpose of this study was to examine the relative vulnerability of
lake trout eggs and fry to predation or other biological interaction with
native and exotic species at natural and artificial spawning sites in
southern Lake Michigan. We focused especially on spawning activities at
the Bums Harbor breakwater in Indiana, because it is the only site in
southern Lake Michigan at which lake trout are presently known to
spawn in substantial numbers. Data were collected in an effort to assess
the efficacy (and efficiency) of remote video and sonar as indicators of
spawning activity. We used divers to explore new sites and evaluate their
potential as spawning habitat. Autumn collections of eggs by gangs of
egg nets and egg traps were used as a direct indicator of spawning
activity at various sites in southwestern Lake Michigan. Instantaneous
spawning intensity was measured by deploying buoyed gangs of egg
collecting devices, and cumulative egg deposition by burying egg bags in
the substrate. We estimated the densities of emergent fry at Burns
Harbor in spring by deploying fry traps, and trawled near spawning areas
in an effort to capture post-emergent fry. We examined the guts of
potential lake trout egg predators captured during IDNR lake trout
gillnetting operations in fall, and the guts of potential fry predators
captured by trawling and in fry traps during the spring. During the
winter of 1994-1995, we reared wild-spawned lake trout eggs and
samples of stripped eggs obtained from giinetted lake trout. We
performed laboratory experiments investigating the characteristics of
round goby (Neogobius melanostomus), a new exotic species in Lake
Michigan, as a potential lake trout egg and fry predator. We also
investigated the effect of zebra mussel fouling on overwinter survival of
lake trout eggs in the laboratory.
A summary of fimdings from this project
1. In the autumn months of 1994 - 1996, lake trout aggregated and
spawned far more intensely on an artificial breakwater at Bums Harbor,
Indiana, than at other nearshore reef sites we investigated in
southwestern Lake Michigan. In the fall of 1996, spawning intensities
ranged from 56-8784 eggs m,2 at Bums Harbor, with a peak intensity of
nearly 17,000 eggs m2. Gangs of egg net/egg trap devices and egg bags
buried in rubble substrate were used to directly estimate spawning
intensity.
2. Very low spawning intensities were measured at natural reef sites near
Wilmette, Fort Sheridan, and Waukegan, and no aggregations of fishes
were observed by sonar at these sites. However, substantial numbers of
adult lake trout in spawning condition were collected during concurrent
IDNR index gillnetting near those sites, indicating either that low
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intensity, diffuse spawning was occurring, or that most of the captured
fishes were in transit to other, unknown locations.
3. We surveyed several potential natural and artificial spawning sites
lying in the nearshore Illinois waters of Lake Michigan. Except for new
reefs constructed at Bums Harbor during 1995 - 1997, none of the sites
we visited appears to offer good potential as a lake trout spawning site.
4. The already extensive deposits of cobble suitable for lake trout
spawning along the Bums Harbor breakwater were increased
dramatically during repairs completed in 1995 by the Army Corps of
Engineers. In the same year, construction was begun on a series of
disjunct non-emergent reefs to seaward of the limb of the harbor
breakwater that runs parallel to shore. By 1997, three of these reefs
were largely complete, and all three featured a prominent rubble belt
suitable for use by spawning lake trout. Our investigation of these sites
before and during construction provides the most important results of
this research.
i. Lake trout spawning intensity (expressed as eggs collected per unit
effort) greatly increased on the Bums Harbor west breakwater site
immediately after a repair in which large quantities of rubble were
deposited along the breakwater, increasing available space to spawn.
Spawning intensity increased further during the second year after
repair, although the increment was much smaller.
ii. At the Bums Harbor west breakwater, lake trout fry production
rates (expressed as fry caught per unit effort) increased greatly
immediately after the 1995 repair. However, fry production dropped
in 1997. The apparent decline was magnified because sampling
began late in 1997, but would almost certainly have been substantial
in any case.
iii. In contrast with spawning on existing substrate, which was
heavily colonized (fouled) with zebra mussels, lake trout preferentially
spawned on clean new substrate on the Bums Harbor west
breakwater, with spawning intensities on new substrate exceeding
intensities on old, fouled substrate by a factor of approximately 100.
iv. Lake trout began to spawn on the new reefs at Bums Harbor in
the first autumn after construction, although spawning rates were
substantially lower than at the established breakwater site.
5. Efforts to collect post-emergent lake trout fry at Burns Harbor in 1995
and 1996 yielded no fish, mainly, we believe, because of the
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impracticality of trawling very close to or over the rubble beds from
which the fry emerge.
6. Inexpensive sonar units mounted on a 17-foot Boston Whaler proved
effective in locating spawning aggregations of lake trout at Bums Harbor.
During the 1996 season, clusters of distinct, large echoes more than a
meter above the substrate in the vicinity of rubble beds were noted.
Diver observations were used to verify that these clusters of echoes
represented aggregations of lake trout.
7. A remotely piloted vehicle mounting.a video camera proved to be a
poor tool for quantifying lake trout spawning aggregations, and indeed
was almost ineffective in finding fish. Difficulties with the device arose
from generally very poor water transparency, the inefficiency of operating
the device in moderate seas, and absence of certain sensors. The device
may have been further hampered by noise generated by its electric
motors. Diver observations were adopted as a substitute for the ROV in
1996.
8. The guts of several fish (all burbot or lake trout) captured at nearshore
and offshore reefs during IDNR gilinetting operations in 1994 and 1995
contained lake trout eggs. Of several hundred mottled sculpin and
alewife captured using fry traps or trawl in the spring of 1995 - 1997,
only a single mottled sculpin contained lake trout fry.
9. We successfully reared wild-spawned lake trout eggs in the laboratory,
and found no differences in hatching rates, rates of abnormality, or rates
of development when compared with stripped eggs that were reared in
parallel.
10. Preliminary laboratory experiments designed to explore the potential
for the exotic round goby (Neogobius melanostomus) to predate lake trout
eggs and fry at Burns Harbor and other sites revealed only small
differences between round gobies and mottled sculpin, a known egg and
fry predator. In conjunction with other knowledge, our results suggest
that round gobies might severely impact lake trout reproductive efforts at
Burns Harbor, when gobies become abundant there.
11. To test whether zebra mussel fouling affects overwinter survival rates
of lake trout eggs, a laboratory experiment was conducted during the
winter of 1995 - 1996. Eggs were incubated in either clean or fouled
rubble immersed in a flow-through raceway receiving unfiltered raw lake
water at natural temperatures. No difference was observed in
survivorship rates between the treatments.
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12. A diver survey in June 1997 revealed that a population of round goby
had become established in the Burns Harbor breakwater near shore, and
that at least two cohorts (the largest about 60 mm Th) were present.
INTRODUCTION
Lake trout (Salvelinus namaycush) are native to the Great Lakes, and
were present in large numbers in Lake Michigan when Europeans
settled the shores of the lake. By the late 1950's lake trout populations
were completely extirpated, in large part due to overfishing and the
negative impacts of exotic species such as the sea lamprey (Petromyzon
mwcinus). The goal of federal and state agencies involved in lake trout
management is to reestablish naturally reproducing lake trout
populations. To achieve this goal in Lake Michigan, lake trout from
several strains have been stocked since 1965. The stocked lake trout
survive to maturity, but evidence of successful natural reproduction has
been limited and no recruitment of naturally produced fish has occurred.
Lake trout fry and eggs have been collected in Grand Traverse Bay (Peck
1979, Stauffer 1981, Wagner 1981) and along the south-eastern shore
(e.g., Dorr et al. 1981, Jude et al. 1981). Most of these eggs and fry were
found on artificial substrate such as power plant rock cribs and marina
breakwaters. More recently, lake trout eggs have been found at several
shallow, inshore sites in Lake Michigan (Marsden 1994). These sites
provide accessible areas at which the factors that affect lake trout
reproduction can be intensively studied.
The key to the failure of lake trout rehabilitation occurs at some point
between spawning and recruitment of yearlings into the wild population.
Lake trout stocked as yearlings survive well to the adult stage; thus,
wild-spawned fry which survive beyond their first year of life have a high
probability of recruiting to the adult population. Reproductive failure
may be due to a number of factors, including the following: (1) adult fish
may not find or recognize appropriate spawning areas, (2) traditional
spawning areas may be degraded, due to anthropogenic inputs into the
lakes, and be unable to incubate eggs successfully, (3) changes in the
biota of the lakes, including the introduction of exotic species and
changes in the population balance between lake trout and their natural
predators, may result in excessively high overwinter loss of eggs or
mortality of young fry, (4) contaminants accumulated in the tissue of
female trout and subsequently transferred to the eggs may affect egg and
fry development, and (5) the numbers of eggs produced may be
insufficient (due to low adult stocks, high predation, or a combination of
several factors) to produce a recruitable population of fingerlings. This
study focused primarily on items (2) and (3), and includes an
assessment of egg survival to hatching and emergence.
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Lake trout spawning areas are traditionally identified by the presence of
ripe fish in the fall (Coberly and Horrall 1980, 1982; Thibodeau and
Kelso 1990, Goodyear et al. 1982). However, this information provides
only circumstantial evidence of spawning activity because lake trout may
not necessarily spawn in the area where they are caught (e.g., Horns,
1991, Holey et al. 1995). Direct evidence of lake trout spawning activity
requires proof of eggs deposited on the substrate, either through
observation by divers, or collection in devices set in or on the substrate.
Visual evidence of lake trout aggregations using SCUBA or underwater
video appears to be a good indicator of spawning activity in a particular
location because lake trout are unlikely to be seen in high concentrations
unless spawning is taking place nearby. At several sites where lake trout
spawning is known to occur, large numbers of lake trout have been
readily observed by divers; these fish did not avoid either remotely
operated cameras or divers (Marsden and Krueger 1991; Neal Foster,
USF&WS and John Fitzsimons, Canada Centre for Inland Waters,
personal communications). Such close aggregations of trout appear to be
indicative of spawning activity. One objective of this study was to test
the effectiveness of sonar and a remotely operated video to visualize
spawning aggregations of lake trout.
The nearshore area of southwestern Lake Michigan offers relatively little
spawning substrate which is adequate for egg incubation (Marsden
1994). Lake trout need deep (> 15cm) interstitial spaces in cobble into
which eggs can settle and be protected from predation and damage by
water movements. Much of the southern end of Lake Michigan is
composed of hard clay, sand, and small gravel; cobble areas are rare,
dispersed, and generally comprise only scattered rocks with few
interstices. However, several human structures offer the equivalent of
appropriate spawning substrate. These structures include breakwaters,
water intake cribs, and the rocky rubble used to protect water intake
pipes. Fishermen annually observe lake trout in fall aggregating around
near-shore structures such as the Buffigton Harbor and Port of Indiana
breakwaters (Capt. Dan Carlson, personal communication). Higher
numbers of eggs per trap-day have been collected at the Port of Indiana
breakwater than at any of six natural sites where lake trout spawn along
the southwestern shore; hatched fry were also caught in spring at the
breakwater (Marsden 1994). The breakwater likely offers optimal
incubation habitat because the substrate is deep and in some places
there has been a limited buildup of organic matter which would decrease
interstitial water quality. We hypothesize that lake trout spawn on
human structures because natural substrate is inadequate (insufficient
or of poor quality), and human structures may be highly attractive due to
their interstitial depth and water quality.
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The potential use of artificial reefs as spawning sites for lake trout is
currently receiving considerable attention (e.g., Habitat Workshop of the
Great Lakes Fishery Commission RESTORE conference, Ann Arbor, MI,
Jan. 1994; Army Corps of Engineers Habitat Conference, March 1994;
EPA-funded feasibility study for an artificial reef near Sturgeon Bay).
The use of human structures, or artificial reefs, by spawning lake trout
may have positive or negative implications for the goal of population
restoration. These structures may offer suitable egg incubation habitat
in areas where natural habitat is absent or degraded, and thus permit
higher levels of reproductive success than would be possible on natural
substrates. On the other hand, artificial reefs could be an attractive
nuisance. Most human structures are built, as a consequence of their
function, in shallow water (< 15m). Many are also near or attached to the
shore, and are thus readily accessible to fishermen. Shallow waters are
also inhabited by a variety of egg predators in fall, and potential fry
predators in spring. Slimy sculpins and mottled sculpins (Cottus
cognatus and C. baird) inhabit the interstitial spaces of rocky reefs and
are a primary egg predator (Savino and Henry 1991, Scott and Crossman
1973). Crayfish (Orconectes spp.) also inhabit rocky reefs and consume
lake trout eggs (Savino and Miller 1991, Horns and Magnusson 1981).
In Lake Michigan, the recently introduced rusty crayfish (Orconectes
rusticus) may be a more voracious predator than its less aggressive
native counterparts (Olsen et al. 1991). Common carp (Cyprinus carpio)
inhabit shallow waters, and have been observed to eat lake trout eggs at
the Port of Indiana breakwater (Marsden 1997). In spring, alewife and
yellow perch enter shallow water areas to spawn; alewife have been
observed to eat lake trout fry in the wild, and could potentially decimate
a newly emergent population of fry (Krueger et al. 1995). Yellow perch
(Percaflavescens) are known to eat lake trout eggs, though they are
unlikely to eat hatched fry. All of these predators are unique to shallow
areas; lake trout eggs spawned on reefs below 30m are vulnerable only to
deepwater sculpins (Myoxocephalus thompsonii) and burbot (Lota Iota).
Shallow reefs also expose eggs to wave energy, and the reef substrate is
vulnerable to fouling by zebra mussels. Thus, lake trout which are
attracted to shallow artificial reefs to spawn may be vulnerable to several
sources of mortality, including human predation, and their reproductive
effort may be wasted.
Another objective of this study was to examine the relative vulnerability
of lake trout eggs and fry to predation by native and exotic species at
natural and artificial spawning sites. One exotic species, the round goby
Neogobius melanostomu~s, has moved to the forefront as a potential
predatory threat to lake trout eggs and fry. The round goby became
established in southern Lae Michigan in 1993, and has since become
very dense (up to 50 adults and YOY juveniles per square meter, pers.
data) at sites near Calumet Harbor, which lies on the Illinois/Indiana
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border. A round goby population is now present at Burns Harbor,
Indiana, an important lake trout spawning site. Round gobies are
ecologically similar to mottled sculpin (Cottus bairdOl, and because they
have shown a capacity to achieve densities far higher than those
observed for mottled sculpin (which rarely exceed 15 adults and YOY
juveniles per square meter in southern Lake Michigan), we are concerned
about their potential to exert predatory pressure on lake trout eggs and
fry when they arrive at Burns Harbor in the near future.
Study sites referred to in this report
Most of the work referred to in this report was conducted at Burns Harbor,
a site on the Indiana coast of Lake Michigan. Work was also done at
several sites in the Illinois waters of Lake Michigan. IDNR giUnet sites (Job
101.1) not described on this list are identified by Loran coordinates when
mentioned in the text and tables. Survey histories for these sites and
descriptions of several other less important sites are given in Job 102.1.
Bums Harbor refers to several artificial structures composing the
breakwater and related harbor structures at Bums Harbor, Port of
Indiana (Figure 1). Bums Harbor is enclosed by an emergent L-shaped
breakwater that was completed in 1956. The shorter bottom leg of the
"I: runs north from a sheetpiling harbor bulkhead a distance of
approximately 750 m, and the longer side leg is cantilevered eastward
approximately 1 km toward the entrance to the harbor. The cobble bed
at Bums Harbor is deep, fairly open, and forms a slope extending from
the lake bottom at 12 m upward to a covering bed of 8-10 ton anchor
stone at 5-7 m.
An Army Corps of Engineers (ACE) contractor renovated the west
breakwater limb and began building the first of several submerged reefs
north of the north (east-west) limb in June 1995. Construction on the
third and fourth structures was underway at the conclusion of this
project (see Job 102.1). Studies reported in this document were
conducted at zebra mussel-fouled and unfouled sites on the west limb of
the breakwater (abbreviated WWF and WWU, respectively) and on the
newly constructed non-emergent reefs (abbreviated NR1, NR2, and NR3).
The center point separating WWU (north side) from WWF on the west
breakwater is at Loran coordinates 33370/50315.
Fort Sheridan refers to a series of natural shoals of heavily infilled
cobble, peaking at various depths from 5 to 8 m, lying in inshore waters
east of Fort Sheridan, IL. In 1995, egg bags were buried and egg nets
deployed at Fort Sheridan near Loran coordinates 33295.1/49828.4.
Waukegan Wire Mill refers to an inactive water intake line and crib
located approximately 1.5 km SSW of the entrance to the north basin of
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Waukegan Harbor ( 420 20.243'N, 870 49.089W), near a paint factory.
The intake line extends for a distance of approximately 1 km eastward
from shore, ending in a circular intake crib, composed of quarried
cobble, that lies in approximately 8 m of water.
Wilmette Reef R-2 refers to a natural shoal of heavily infilled cobble
peaking at approximately 5m depth, located near a buoy at Loran
coordinates 33283/49923 off Wilmette IL.
METHODS
Study 101: Assessment of methods for detecting lake trout
spawning sites
Job 101.1: Gillnet for adult lake trout
The Illinois Department of Natural Resources annually samples putative
lake trout spawning sites using 246 m graded mesh gill nets. In 1994
sampling was conducted at six sites, including two inshore natural sites
where other work was done during the first year of this project. Gillnets
were lifted at Fort Sheridan and Wilmette Reef R-2 on 13 October and 24
October 1995. Gillnets were set at four additional natural sites:
Waukegan (Loran coordinates 33255/49745), Julian's Reef (Loran
coordinates 33230.6/49875.2 for 28 m depth site, 33233.5/49874.8 for
37 m site), Wilmette Reef R-4 (Loran coordinates 33270.4/49920.0), and
Clemson Shoal (Loran coordinates 41483.3/87320.9). In each case nets
were set overnight.
Nets were set at three nearshore sites and two offshore sites during the
1995 spawning season. Nets were set at Waukegan (Loran coordinates
33253.1/49742), Fort Sheridan (33288.5/49829.5), and Wilmette Reef
R-2 (33314.9/49941.2) on 17 October and again on 31 October (at Loran
coordinates 33253.3/49742.3, 33292.2/49829.2, and 33313.4/49939.1,
respectively). Nets were set at Julian's Reef (Loran coordinates
33231.6/49874.4 for 28 m depth site, and 33233.2/49876.7 for 37 m
site) on 30 October and again on 7 November (at Loran coordinates
3323I1.4/49874.7, and 33234.2/49874.6, respectively). Nets set on 30
October at Julian's Reef were fished for four nights (because of heavy
seas); all the other sets were fished for one night.
Nets were set at three nearshore and three offshore sites in 1996. Nets
were set at Waukegan (Loran coordinates 33253.6/49744.9), Fort
Sheridan (33290.3/49829.8), and Wilmette Reef R-2 (333 14.4/49942) on
16 October; the former two were re-set (at Loran coordinates
33253/49741.2 and 33290.5/59829.2 respectively) on 1 November.
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Nets were set at Julian's Reef (33232/49875.3 for 27.8 m site and
33234.4/49877 for 37 m site) on 25 October; the shallower Julian's reef
site (at 33231.4/49874.9) was reset on 6 November, when Wilmette Reef
R-4 (33278.9/49921.3) was set. All nets were fished for one night.
Job 101.2: Deploy ROV at spawning areas
During the 1994 spawning season, a remotely operated vehicle (ROV;
manufactured by Hydrobotics, Canada) was used to film spawning sites
in an effort to record the presence of lake trout spawning aggregations.
The ROV was operated on 27 October at Wilmette Reef R-2 and on 17
November and 16 December at Bums Harbor. Two strategies were used
in 1994. First, the ROV was used to survey cobble substrate in areas
where we believed lake trout would be present. These surveys usually
lasted 30-60 minutes and concentrated on filming the bottom few-meters
of the water column, where lake trout should be. Second, the ROV was
"dropped" in the water over spots where we saw sonar echoes indicative
of the presence of fishes. These excursions lasted for shorter periods of
10-20 minutes.
Because of the extremely limited success of ROV work conducted in
1994, no additional work was conducted during the 1995 and 1996
spawning seasons.
Job 101.3: Test sonar for detection of spawning aggregations
1994:
We performed sonar transects of the Burns Harbor site on four occasions
during November - December 1994, including the dates of ROV work. In
each case we traveled at low speed parallel to the breakwater at a
distance of 20-50 m and looked for echoes from distinct objects that were
1-2 m above the substrate. Sonar echoes matching the search criteria
were interpreted to represent fishes or aggregations of fishes.
1995:
We performed sonar transects of the Bums Harbor site on 17 October
and 29 November 1995, and at Fort Sheridan on 20 October and 16
November. On each Burns Harbor date we made several passes parallel
to the west breakwater, in depths of 8-13 m, which correspond to the
upper and lower limits of spawning habitat at the site. At Fort Sheridan
we used a search pattern technique, crossing the reef at approximately
50 m intervals. During each pass, we traveled at low speed (<4 kts) and
looked for echoes from distinct objects that were 1-2 m above the
substrate and higher in the water column. Sonar echoes matching the
search criteria were interpreted to represent fishes or aggregations of
fishes.
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1996:
Sonar observations in the fall of 1996 yielded far more presumptive fish
echoes than in any previous year. To quantify differences among sites,
we established an observational protocol to ensure equal sampling of
different areas. Transect durations were standardized to five minutes.
Transects were oriented to travel parallel to the breakwater or reef,
keeping the sonar transducer over the rubble belt. Transects along the
west wall included two linear passes along the breakwater, first travelling
south from the comer at the north end of the west breakwater to a
distance of 200 m, and then doubling back over the same region.
Transects at the new reefs were oval, extending around the
circumference of each reef and passing around a second time until the
required five minutes had elapsed.
Sonar transect data were taken at Burns Harbor on two dates: 22
October and 19 November. On each date, sets of four transects were
performed at the west breakwater (WW), NR1, NR2, and NR3. Separate
sampling of WWF and WWU was impractical because all transects
included interspersed sections of both substrata and we were frequently
uncertain of the boundaries among them.
Job 101.4: Set and retrieve egg collection devices
1994:
We deployed gangs consisting of 25 each of two devices, egg nets and egg
traps (Horns et al. 1989, Marsden et al. 1991), designed to lie flat on the
substrate and capture broadcast eggs. Two gangs of devices were set at
Wilmette Reef R-2 from 6 October - 8 November 1994; two more were set
from 8 November to 24 November. Two gangs of devices were set at
Bums Harbor from 7 October to 7 November, and one gang was set from
7 November to 1 December. Numbers of live eggs, dead eggs, and egg
chorions ("shells") present in the collecting devices were recorded.
1995:
Two gangs of devices were set at the Bums Harbor site on 17 October
and retrieved on 29 November; two more were set at the Fort Sheridan
site from 20 October to 16 November.
1996:
Gangs consisting of 25 egg nets were used at all Bumns Harbor sites.
One gang was set at each of WWF and WWU on 16 October and lifted on
22 October and 19 November, while one gang was set at each of NR1,
NR2, and NR3 on 22 October and lifted on 19 November. Heavy seas on
a few days during that perI-od damaged the gangs at NRL and NR2,
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causing the loss of 15 and four devices, respectively, from the gangs set
there.
Study 102: Comparison of spawning at natural and artificial sites
Job 102.1: Survey potential artificial spawning sites
We conducted diver surveys of several areas in southwestern Lake
Michigan to assess their potential as lake trout spawning sites. The
artificial (man-made) sites were: Buffington Harbor breakwall, Bums
Harbor breakwal, Burns Harbor barrier reefs, South Shore water intake,
Calumet Harbor breakwall, and the breakwall at Pastrick Marina. We
also examined substrate at several natural sites: Clempson and Hyde
Park shoals, four reefs near Fort Sheridan, and Highland Park Reef.
Job 102.2: Assess adult densities at natural and artificial sites
The intent of this job was to conduct quantitative surveys for adult lake
trout at natural and artificial sites which had good potential to attract
spawning trout. We predicted, based on previous work at Burns Harbor,
that we would find higher numbers of lake trout at artificial sites.
However, none of the new sites we examined had a high potential as lake
trout spawning sites except Burns Harbor and the South Shore water
intake. The position of both of these sites very close to shore made
gilinetting infeasible by commercial tug, and marginal using the INHS
Whaler in fall weather. However, IDNR gilinetting was conducted near
the Waukegan Wire Mill, a site similar in structure to the South Shore
water intake.
Job 102.3: Collect eggs using egg bags
1994:
Ten egg bags (Perkins and Krueger 1994), which are devices designed to
measure the cumulative deposition rates of lake trout eggs upon a
substrate, were deployed at Burns Harbor on 11 October; eight were
retrieved on 20 December. An attempt was made to bury egg bags at
Wilmette Reef R-2. However, an examination of the substrate (during a
SCUBA dive) revealed that there was insufficient depth of cobble to bury
the bags.
1995:
Twenty egg bags were deployed at Burns Harbor on 23 September. Ten
egg bags were buried in 6 mn of water on a reef at Fort Sheridan (420
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13.6'N, 870 47.6' W) on 23 August. Inclement weather prevented
recovery of any of these bags.
1996:
Twenty egg bags were deployed at Bums Harbor on 23 September 1996.
Five bags each were buried in small clusters at WWF, WV/U, NR1, and
NR2. Five bags were buried at NR3 on 16 October. The WWF and WWXTU
clusters were placed as close together as practicable, on substrate with
the same exposure direction and same slope angle. The shortest
distance between the clusters was approximately 4 m. Each cluster was
marked by a buoy suspended from a cinderblock anchor with a chain
leader near the cluster. All New Reef clusters were deployed near the
center of the shoreward face of the reef.
All bags were recovered on 19 November except for the cluster at NR2,
where the marking buoy had been lost and a diver was unable to locate
the bags. During dissassembly in the lab the rims of all bags were rated
for degree of zebra mussel fouling by a single observer, who assigned a
number from zero (no fouling) to five (zebra mussels covering more than
about 5% of rim outer surface). Egg bags recovered in 1995 from fouled
cobble after more than a year's exposure to zebra mussels had
approximately 10% of their rim surface encrusted with mussels.
Study 103: Assessment of primary sources of egg and fry mortality
Job 103.1: Collect lake trout egg and fry predators (fish)
1994-95 and 1995-96
We examined the guts of fishes collected during fall gillnetting activities
described in Job 101.1. We also collected whole fishes during trawling
operations at Bums Harbor in the spring of 1995 and 1996, and during
fry trapping operations conducted during the same period. Guts and
whole fishes were fixed in 90% ethanol for storage. Alewife guts were
examined on site or pierced to promote perfusion by the alcohol
preservative and examined in the laboratory.
1997:
We examined sculpins obtained during fry trapping operations in the
spring of 1997. No fishes with any stomach contents were obtained, so
no steps were taken for sample preservation.
In 1995-6, we also conducted two laboratory studies to evaluate the
potential of round gobies (Neogobhius metanostomus) to predate lake trout
eggs and fry. Lae trout egg consumption rates by mottled sculpin and
round goby were compared in the laboratory by placing individual fishes
in aquaria, suppling them with ample lake trout eggs, then counting the
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number of eggs consumed daily and replenishing the supply. The
minimum size of goby which could successfully ingest a lake trout egg
was determined by feeding eggs to small individuals. We also conducted
a factorial experiment to measure the effects of (1) substrate particle size
and (2) prey developmental stage on round goby foraging success rates in
the laboratory. Detailed methods of these studies are described in a
manuscript which we submitted to the Journal of Great Lakes Research
(Appendix 2).
Job 103.2: Analyze contents of fish stomachs
1994-95:
Guts of 155 potential egg predators and 135 potential fry predators,
collected in Job 103.1, were examined to determine whether contents
were present. If contents were present, they were sorted and identified.
We first counted lake trout eggs, where present; we also counted fishes,
zebra mussels, crayfish, parasites, and rocks or other inorganic matter
that may have been present. Any fish remains were categorized as
sculpins or others.
1995-96:
Guts of 73 potential egg predators and 428 potential fry predators,
collected in Job 103.1, were examined.
1997:
Guts of 70 potential fry predators, collected in Job 103.1, were examined.
Job 103.3: Rear wild-spawned lake trout eggs
Two sets of lake trout eggs were incubated in the laboratory in 1994-
1995: one set consisted of two batches of wild-spawned eggs which were
reared first in ventilated mesh boxes and then in flat trays; the other set
consisted of one large batch of stripped eggs that was distributed among
four flat trays for incubation. One batch of 77 wild-spawned eggs was
harvested from egg nets and egg bags lifted at Bums Harbor on 1
December 1994. The second batch, with 502 wild-spawned eggs, washarvested from egg bags lifted at Bums Harbor on 20 December 1994.
The single batch of stripped eggs was obtained on 16 November 1994.
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Study 104: Assessment of sac-fry and emergent fry production
Job 104.1: Set and retrieve fry traps at spawning sites
1995:
Thirty-six fry traps (Marsden et al. 1988) were deployed at an artificial
reef at the Bums Harbor site on 24 April. The traps were retrieved,
examined for contents, and replaced on 29 April, 12 May, and 22 May,
and then removed on 2 June.
1996:
Forty-one fry traps were deployed at an artificial reef at the Bums Harbor
site on 12 April. The traps were retrieved, examined for contents, and
replaced on 18 April, 2 May, 8 May, 17 May, 30 May, and 6 June; the
last devices were removed on 2 July.
1997:
On 12 May 1997, after an unusually windy spring, fifteen fry traps were
deployed at each of WWF, WWU, and NR1, and seven fry traps each were
placed at NR2 and NR3. At the first three sites, the fifteen trap units
included eight standard emergent fry traps (Marsden et al. 1988) and
seven units of new design (see Appendix 3), while all devices placed at
NR2 and NR3 were of the new design.
Activity by the Army Corps of Engineers contractor working at the site
made it inadvisable to service the devices at NR2 and NR3, which were
abandoned for the duration of the trapping season and yielded no data.
The standard emergent fry traps at WWF, WWU, and NR1 were deployed
on 12 May 1997 and checked on 22 May, 30 May, 5 June, and 11 June.
The new units at WWF, WWU, and NR1 were deployed on 12 May.
Although the old units were checked on each date, only the new units at
WWF could be checked on 22 May. Devices at all three sites were
checked on 30 May, 5 June, and 11 June, when all equipment was
removed from the site.
Job 104.2: Trawl for post-emergent fry near spawning sites
1995:
Trawling operations were conducted at Burns Harbor on 12 May, using a
3.3 m semi-balloon otter trawl towed behind a 5.5 mn Boston Whaler.
Tows were carried out parallel to the breakwater at a distance of 60-150
m, in depths of 10-15 m.
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1996:
Trawling operations were conducted at Bums Harbor on 18 April, 2 May,
and 30 May as in 1995. The 18 April and 2 May trawls were conducted
near midday; the 30 May trawls were conducted after dusk, between
2040 and 2130.
RESULTS
Study 101: Assessment of methods for detecting lake trout
spawning sites
Job 101.1: Gillnet for adult lake trout
A total of 534 lake trout were captured in gill nets in 1994, 806 in 1995,
and 582 in 1996 (Table 1). Gilnet lifts generally yielded more lake trout
later in the fall than earlier. In 1994, an average of 22.7 fish per net-day
were captured at the nearshore sites (Waukegan, Fort Sheridan, and
Wilmette Reef R-2) and 66.2 fish per net-day were captured at offshore
sites (Julian's Reef, Wilmette Reef R-4). In 1995, 60.8 per net-day were
captured at nearshore sites, 22 fish per net-day were caught on 30
October at Julian's Reef, while 132.5 fish per net-day were caught on 7
November. In 1996, 42.6 and 92.3 fish per net-day were caught at
nearshore and offshore sites, respectively.
Job 101.2: Deploy ROV at spawning areas
In all, only one lake trout was discernible in 3.25 h of ROV video taken
during the 1994 spawning season: a sluggishly swimming individual that
swam in front of the camera at Bums Harbor on 16 December 1994.
Water transparency at Bums Harbor was generally poor during the 1994
spawning season, probably due to frequent severe storms. In no case
during 1994 were we able to directly connect sonar observations of "fish"
echoes to fishes directly observed on video. After an exceptionally rough
fall 1995 season in which no ROV work could be done, we elected not to
conduct further ROV work.
Job 101.3: Test sonar for detection of spawning aggregations
1994:
Sonar observations yielded numerous distinct above-substrate echoes
during transects at Burns Harbor in November and December 1994. In
most cases these were isolated, discrete echoes indicative of individual
fishes, but a few clusters of smaller echoes were observed, especially off
the northwest corner of the breakwater.
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1995:
Sonar observations yielded many distinct above-substrate echoes at
Bums Harbor on 17 October 1995 but only a few on 29 November 1995.
On both days, sonar performance was degraded by a substantial
northern swell. Most echoes were isolated, discrete echoes indicative of
individual fishes, but swarms of echoes were observed over known
spawning habitat on the west breakwater on 17 October. Unfortunately,
confirming diver observations or ROV video could not be obtained
because of sea conditions and very poor water visibility.
Sonar observations at Fort Sheridan on 20 October and 16 November
yielded no interesting echoes.
1996:
Sonar transects on two dates (22 October and 19 November) found larger
numbers of distinct echoes than in previous years. The echoes were not
uniformly distributed, but occurred in patches over areas of rubble
substrate. Diver observations were used to confirm that dense clusters
of adult lake trout were present at certain areas of the west wall where
large numbers of echoes were observed, while other areas where there
were few echoes had correspondingly few lake trout.
There was no difference between the two dates in mean number of
echoes observed (2-sample t, 2-tailed Pr>0.30, DF= 18). However, many
more presumptive lake trout echoes were observed on WW transects than
on transects at the new reefs (Figures 2 and 3).
ANOVA Table: One-way analysis of variance testing whether the mean numbers
of sonar echoes observed at WW, NR1, NR2, and NR3 are equal. Data for 22
October and 19 November are pooled.
Source DF SS MS F Pr
Site 3 2446.8 815.6 8.28 0.000
Error . 28 2759.4 98.5
Total 31 5206.2
In 1996, more echoes were observed in the depth range 9-12 m than at
other depths (Figure 4), corresponding to the depth range in which the
rubble substrate lies. In late November, the maximum observed ambient
depth below the west breakwater at north end was 15.4 m, while the
maximum ambient depth on the north side of the new reefs was 14.8 m.
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Job 101.4: Set and retrieve egg collection devices
1994:
Gangs of egg nets and egg traps retrieved at Wilmette Reef R-2 on 8
November 1994 contained 5 egg chorions, while those retrieved on 24
November contained 3 live eggs and 7 egg chorions (Table 2). Gangs
retrieved at Burns Harbor on 7 November contained 8 live eggs, 1 dead
egg, and 1 egg chorion; the single gang collected on 1 December
contained 77 live eggs, 41 dead eggs, and 27 egg chorions.
1995:
One whole gang of egg nets and egg traps retrieved at Bums Harbor on
29 November 1995 yielded 1870 eggs and egg chorions, while a partial
gang consisting of 6 nets and 5 traps yielded 87 eggs and egg chorions
(Table 2). One whole gang of egg nets and egg traps retrieved at Fort
Sheridan on 16 November 1995 yielded no eggs and 4 egg chorions,
while a partial gang consisting of 21 nets and 22 traps yielded 1 dead egg
and 3 egg chorions.
1996:
During 16 Oct through 22 October 1996, six eggs were collected by a
whole gang at WWF. None was collected at WWU. During 22 October
through 19 November, eggs were collected at all five sites, with the most
at WWU (1224 eggs in 25 nets) and the least at WWF (16 eggs in 25 nets;
Table 2, Figure 5). Mean egg abundance in the nets was not
homogenous across sites, but only WWF and WWU differed significantly
(Tukey HSD, 5% family error rate). Mean abundance of egg chorions also
was not homogeneous across sites, with WWF significantly greater than
WWU or NR3 (Tukey HSD, 5% family error rate; Figure 6). Mean number
of sculpins collected in nets did not differ among sites (Figure 7).
ANOVA Table: one-way analysis of variance testing whether the mean numbers
of eggs collected in nets at WWF, WWU, NR1, NR2, and NR3 are equal. Data for
22 October and 19 November collections are pooled.
Source DF SS MS F Pr
site 4 15928 3982 3.59 0.008
error 151 167396 1109
total 155 183323
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ANOVA Table: one-way analysis of variance testing whether the mean number
of egg chorions collected in nets at WWF, WWU, NR1. NR2, and NR3 are equal.
Data for 22 October and 19 November collections are pooled.
Source DF SS MS F Pr
site 4 4.857 1.214 4.72 0.001
error 151 38.810 0.257
total 155 43.667
ANOVA Table: one-way analysis of variance testing whether the mean number
of mottled sculpins collected in nets at WWF, WWU, NR1, NR2, and NR3 are
equal. Data for 22 October and 19 November collections are pooled.
Source DF SS MS F Pr
site 4 0.1251 0.0313 1.25 0.292
error 151 3.7724 0.0250
total 155 3.8974
Study 102: Comparison of spawning at natural and artificial sites
Job 102.1: Survey potential artificial spawning sites
Buffington Harbor [surveyed in 7/94]. The base of the emergent
breakwall contained patches of cobble, adjacent to sand substrate. The
site was judged to be too shallow, and have too little good substrate, to
attract spawning lake trout.
Bums Harbor, west wall: sites WW, WWF, WWU. [Surveyed in 11/1994,
1995, 1996, 5/1997] Lake trout eggs were first observed on the west
wall of Bums Harbor on 1 Dec, 1992 (Marsden 1994). We conducted our
first diver survey at Bums Harbor in November 1994. At that time our
exploration focused only on the seaward (west) side of the breakwater.
Because of silt accumulation, the harbor side of the structure featured
little or no exposed cobble, and the water depth was nowhere more than
9m.
In the fall of 1994, there was an irregular belt of quarried rubble
extending the whole length of the seaward site of the western breakwater
limb. Depths at the bottom of the rubble belt varied from approximately
6 m at the end of the harbor bulkhead to approximately 14.5 m at the
north end of the structure. The rubble belt varied in width from 5-20 m,
with narrower widths generally lying in deeper waters near the northern
end, where the slope of the rubble substrate was also steeper.
Rubble substrate deposits were most extensive in a region approximately
125 m south of the north end, where two broad ridges of rubble extended
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away from the breakwater. Smaller ridges extended away from the
breakwater slightly to the south. The ridges presumably existed because
of errors in the construction of the breakwater. A diver survey of several
hundred meters of the seaward side of the north breakwater limb
revealed much less exposed rubble substrate. The armor stone along the
north-facing wall was apparently laid directly onto the sand-silt
substrate, or has been infilled by substrate movement since
construction. Exposed rubble was confined to small, sloping patches up
to 5 m wide within a few gaps in the armor stone wall.
The gangs of nets and traps (Job 101.4) and egg bags (Job 102.3) we
deployed at Burns Harbor in fall 1994 were all deployed on and closely
around the largest rubble ridges described above, which we call "West
Wall" or WW in this report. At the time the substrate was heavily fouled
with zebra mussels and areas near the bottom of the rubble belt were
infilled to within 1-2 rocks of the surface. The substrate was less infilled
near the top of the rubble belt and at the junction between the rubble
belt and the heavy stone layers above.
Mottled sculpin and crayfish were common in and at the surface of the
rubble substrate. We commonly observed both native and rusty crayfish.
Johnny darters were also common in the substrate. Above the substrate
we observed occasional carp, smallinouth bass, and alewife.
In 1995 an Army Corps of Engineers project reinforced the west
breakwater by depositing new material to it. The reinforcement project
occurred at about the same time the first new reef was being constructed
(see below).- During the project a large volume of rubble as deposited on
the seaward side of the structure, and an additional layer of armor stone
was laid on the emergent portion of the structure. The rubble used was
similar in particle size and qualities to the material originally used to
build the breakwater. New rubble deposits completely covered the
existing rubble belt in some areas, but only partially covered it in others.
The top margin of the new rubble deposits was at its shallowest at about
7.5 m depth in November 1995, or just below the depth where 8-10
tonne armor stone begins. In most places, the upper margin of new
rubble is deeper. It is shallowest at the southern end of the free-
standing breakwater, where it joins the harbor bulkhead. We estimate
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mussel-fouled substrata (site WWF) and new, porous, zebra mussel
nonfouled substrata (site WV/U) within WW in fall 1996 and spring 1997.
Burns Harbor new reefs: sites NR1, NR2, NR3. [Surveyed in 9-10/1995,
1996, 5/19971 The ACE began work on a series of new artificial reefs at
Bums Harbor in June 1995. These non-emergent structures were
designed to mitigate an evolving problem of wave energy "leaking" into
the harbor during periods of heavy northerly seas and swell. The reefs
were designed as a series of lozenge-shaped structures approximately
115 m in length and 30 m in width, with the long axis parallel to the
breakwater, with 30 m voids between structures. The reefs were
designed to lie approximately 24 m from the breakwater, and to rise to
within 7 m of the lake surface.
The first new reef (NR1) was completed in the late summer of 1995. The
plan called for sequential construction of reefs from east to west, so NR1
lies at the eastern end of the reef series. The new reef was built using
the same technology as the breakwater: a cap of 8-10 tonne armor stone
blocks over a layer of 45-900 kg stone, beneath which lies a bed of
quarried rubble surmounting a foundation of sand. The rubble was
similar to that used in the original construction of the west breakwater.
In fall 1995 the reef top averaged 6.5 m below the surface in a region
where the ambient bottom was about 13 m. In two diver surveys, we
circumnavigated NR1 at a depth just below the armor stone. We
observed a belt of rubble around the whole perimeter of the reef, varying
in width from 10-15 m and extending from about 11 m depth up to
about 8 m. The rubble belt appeared to be ideal lake trout spawning
habitat, and we estimated that the rubble area of new reef # 1 is about
25% of the area of the entire west breakwater site. In 1995 and 1996,
the reef was only lightly encrusted with zebra mussels, most of them less
than 10 mm in length, and we saw almost no aquatic plants or blue-
green algae. We saw many yellow perch over the reef, and a few
smallmouth bass. One yellow perch egg mass was found to be attached
to a fry trap in May 1996 and another was seen in May 1997.
The second reef (NR2) was largely completed by July, 1996, when the
contractor moved west and began work on the next structure (NR3). It
appeared identical in construction to NR L, and except for the absence of
zebra mussels was indistinguishable from the first reef as of October
1996. A diver survey of NR3 in May 1997 revealed that the third (nearly
complete) reef was indistinguishable in structure from the first two. The
rubble substrate of NR3 seemed to be of slightly smaller particle size
than the material used in NR1, but any difference was small. Small
zebra mussels were present on all three structures in November 1996,
when samples were taken to assess the degree of fouling at new reef and
west breakwater sites.
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South Shore water intake. [Surveyed in 1995] We surveyed a rubble
deposit approximately 2 km west of the Bums Ditch after hearing from
local fisherm en that the site is an excellent lake trout angling spot during
autumn months. The rubble was artificially deposited as cover for an
intake pipeline that extends less than 1 km from shore at the site. We
observed rubble near shore in shallow water less than 4 m deep. The
strip of rubble was not continuous but appeared "in segments as we
travelled northward away from shore. The strip ended at a crib located
in a depth of approx. 8.5 m. The rubble substrate at this site appears to
have good potential as lake trout spawning habitat. The substrate
consisted of a convex mound of cobble extending 25-75cm above the
surrounding sand, heavily infilled with sand and overgrown with zebra
mussels. We examined approximately 150 mn of the cobble strip in late
summer and found that many mottled sculpins, and johnny darters
inhabited it..
Calumet Harbor. [Surveyed in 1994', 1995, 19961 We explored portions
of the inshore reefs of Calumet Harbor during several dives conducted in
the fall of 1994 and in 1995. The breakwater at the north end of
Calumet Park consists of approximately 150 m of sheet piling buttressed
by bedding stone, running in a south to north direction, followed by
approximatelyI1 k~m of armor stone breakwater with little bedding stone,
if any, exposed beneath its edge. Natural low-ri~se reefs are present to the
east of the breakwater: one line of reefs runs in along a predominantly
north-south axis at a distance of 50- 100 m from the breakwater. We
judge the site to have poor potential for lake trout spawning because the
cobble deposits are heavily infilled and lie in water less than 5 m. deep (in
fact, most of the cobble regions lie in 3 or fewer meters of water).
In 1996 we surveyed the outer breakwaters protecting Calumet Harbor.
The detached portion that lies due east of Calumet Park is a sheet piling
structure with a sand bottom in less than 9 m water depth to the east
and a mud bottom in 10 m depth to the west (inside the harbor). The
harbor side of the structure abuts a dredged ship channel. We did not
conduct a diver survey of the seaward side of the detached structure, but
diver inspection of approximately 50 m of bottom along the inside of the
structure left us confident that lake trout do not spawn on that
structure.
Ghotkowski and MmfdenLkeTotSangPge2 I ake Trout Spawning rL- -26ra6c
Clemson and Hyde Park Shoals. [Surveyed in 8/19961 We surveyed
three distinct reefs. Because their identities are somewhat ambiguous,
they are identified here by the Coast Guard marker buoys in the vicinity.
Reef # 1. Red can marked "2" at north end of cluster; peak marked as 8'
on Richardson 1995 chart.
The reef was about 150 m wide on an east-west transect. The reef lay
approximately due west of the marker can. This reef consisted of a
central core of solid bedrock with a collar of cobble around it. The slope
was moderate (drop from 5 m at top of reef to ambient grade at 10 m over
a distance of about 30-50 m. The cobble strip varied in width, but was
generally within 5-12 m width. The cobble was generally large, with
many particles larger than 25 cm diameter. The cobble was heavily
infilled, and much of it was covered in zebra mussels. However, I
observed on area at the bottom of the slope (adjacent to a sand plain)
that was clean of zebra mussels and weeds. The circumstances made it
fairly plain that scouring by sand during periods of high surge was the
cause. There were very few fish. In fact, the reef seemed generally rather
depauperate of life: even crayfish were less plentiful than usual for the
southwest part of the lake. Abundant plants included algae (CLadophora
spp.?) and much more pond weed (Chara spp.). We judged this site to
have a low potential to attract spawning lake trout.
Reef #2. Red bell buoy marked "4" at east end of cluster; peaked
marked as 18' on chart.
This reef was perhaps 175m wide. The reef lay to the west and slightly
south of the marker buoy. The reef had a shallower slope than Reef # 1.
The reef consisted of faulted bedrock with prominent glacial grooves.
There were patches of cobble in the regions we explored, and none of it
was attractive, being heavily infilled. In addition, there was substantial
zebra mussel encrustation, and most of the rocks adhered to the
substrate. Again, fishes were uncommon. We judged this site to have a
low potential to attract spawning lake trout.
Reef #3. Red can marked "6" at south end of cluster; peak marked as 7'
on chart.
The reef was only 100-140 m wide on an east-west transect. The reef lay
southwest of the marker can. The reef consisted of faulted, heavily
sculpted bedrock with steep slopes but little cobble around the sides.
There was a large basically oval depression running NE-SW, of unknown
length, in the reef. This depression contained a sea of drift pond weed
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(Chara spp.) that was at least a third of a meter deep. The peak of the
reef was at about 2.5 m depth. The cobble we observed was zebra
mussel encrusted and adherent, and heavily infilled. We observed few
fishes, but they seemed more numerous than at the first site. Crayfish
(mostly Orconectes rusticus) were fairly abundant. We judged this site to
have a low potential to attract spawning lake trout.
Fort Sheridan sites. [Surveyed in 8/1995] We explored four reefs near
Fort Sheridan, all within 1.5 km of 42013.6'N, 87°47.6W. The observed
reefs consisted of infilled natural rubble and cobble infrequently studded
with angular boulders and stretches of sand. All of the reefs that we
explored rose from a flat bottom at 8-9 m to peaks at 5-7 m. The
individual reefs that we observed were small; all spanned less than 500
m in length. Sonar transects of the reefs and intervening regions suggest
that the some of the flat regions are covered by at least a surface layer of
cobble. We judge the reefs to have some potential as lake trout spawning
reefs.
Highland Park. [Surveyed in 9/19951 We explored one large flat-topped
reef at Highland Park. This reef consisted of large areas of bedrock,
areas of cracked and broken bedrock where there were large flat pieces of
rock measuring several meters on each side strewn about, and smaller
areas of rounded cobble and rubble. The cobble was infilled. The reef
rose from an uneven but generally flat bottom at 8-14 m, and we
observed a peak of 5.5 m. We transected a portion of the reef more than
500 m by 500 m, making the Highland Park reef larger than the
combined areas of all the reefs we observed at Fort Sheridan. We judge
that the area has some potential as a lake trout spawning site; in this
regard it is similar to the reefs at Fort Sheridan.
Pastrick Marina. [Surveyed in 8/95, 12/951 The outer breakwater at
Pastrick Marina has a belt of at its base, but it is all in very shallow
water (less than 3 m in December 1995). We do not consider it likely
that lake trout spawn at the site.
Job 102.2: Assess adult densities at natural and artificial sites
Gilinet collections of lake trout near the Waukegan Wire Mill site were
comparable to numbers collected at the other nearshore sites in all three
years of the project, but lower than collections at Julian's Reef.
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Job 102.3: Collect eggs using egg bags
1994:
Eight egg bags retrieved at Bums Harbor on 20 December 1994 yielded
502 live eggs, 240 dead eggs, and 98 egg chorions.
1995:
Severe marine weather during autumn 1995 prevented us from
recovering the egg bag clusters at Bums Harbor and Fort Sheridan. We
recovered 8 of 10 devices at Bums Harbor in August 1996. They were
found approximately 100 m from where they were deployed: their tangled
and mutilated condition clearly indicated that they had been dragged
from the substrate by an anchor or something similar. The Fort
Sheridan devices were never recovered.
1996:
The contents of egg bags collected at four Bums Harbor sites on 19
November 1996 are summarized in Table 3. Vastly more eggs were
collected by the WVWU bags than by bags at any other site (Figure 8);
there were no differences among pairs of sites not including WWU. There
were likewise more chorions collected at WWU than elsewhere (Figure 9),
but the ratio of chorions to whole eggs in individual bags was
indistinguishable among sites (Figure 10).
The cluster of unrecovered bags at NR2 was observed on a survey dive in
May 1997. The marking buoy anchor (a chained pair of cinder blocks)
that should have been near the cluster was missing.
ANOVA Table: one-way analysis of variance testing whether the mean number
of lake trout eggs collected in nets deployed at WWF, WWU, NR1, and NR3
during 23 September - 19 November 1996 are equal.
Source DF SS MS F Pr
site 3 2702091 900697 19.74 0.000
error 16 730025 45627
total 19 3432116
ANOVA Table: one-way analysis of variance testing whether the mean number
of lake trout egg chorions collected in nets deployed at WWF, WVWU, NR1, and
NR3 during 23 September - 19 November 1996 are equal.
Source DF 55 MS F Pr
site 3 55723 18574 8.08 0.002
error 16 36776 2298
total 19 92499
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ANOVA Table: one-way analysis of variance testing whether the mean ratio lake
trout eggs to lake trout egg chorions collected in nets deployed at WWF, WWU,
NR1, and NR3 during 23 September - 19 November 1996 are equal.
Source DF SS MS F Pr
site 3 1.026 0.342 1.98 0.158
error 16 2.766 0.173
total 19 3.792
Study 103: Assessment of primary sources of egg and fry mortality
Job 103.1: Collect lake trout egg and fry predators (fish)
Egg predators
1994:
Guts of 56 burbot, three brown trout, one chinook salmon, 55 lake trout,
one carp, one freshwater drum, and 37 yellow perch were collected
during gillnet operations on lake trout spawning reefs during October -
November 1994.
1995:
The guts of 43 lake trout, 17 gizzard shad, 8 yellow perch, one rainbow
trout, and one chinook salmon were collected during October - November
1995.
Fry predators
1995:
Twenty-nine alewife (Alosa pseudoharengus) and one johnny darter
(Etheostoma nigrum) were collected by trawling at Burns Harbor, Port of
Indiana, on 12 May 1995. In addition, 105 mottled sculpins (all less
than 75 mm SL) were collected in fry traps.
1996:
In all, 330 alewife (Alosa pseudoharengus), 5 mottled sculpin, and 5
native crayfish (Orconectes spp.) were captured during trawling
operations. Eighty-three mottled sculpin were caught in fry trapping
operations. Several other species, including Notropis hudsonius,
Etheostoma nigrum, and sticklebacks (Gasterosteus aculeatus and
Pungitius pungittus) were captured, but are not potential predators of
lake trout fry and were therefore ignored.
Chotkowski and Marsden Lake Trout Spawning Page 30
1997:
None of 70 mottled sculpin (approx. 30-60 mm SL) collected between 22
May and 11 June 1997 contained whole or partial remains of lake trout
fry.
Round goby experiments (1995-96; See Appendix 2for further details):
Twenty-six round gobies (56-113 mm SL) were collected at Calumet
Harbor in November and December 1994 for use in laboratory
experiments. Forty-two mottled sculpin (42-88 mm SL) collected at
Bums Harbor and Boone Creek, McHenry County, in March 1996 were
also used.
Job 103.2: Analyze contents of fish stomachs
The gut contents of 845 potential lake trout egg and fry predators are
summarized in Table 4. Of 155 potential egg predators examined in
1994, 3.87% (overall) contained lake trout eggs. Two of 24 (8.3%) lake
trout collected at Wilmette Reef R-2 on 24 October had eggs in their guts.
Five of 45 (11.1%) lake trout collected at Julian's Reef on 16 November
contained lake trout eggs; on the same day a single burbot collected at
Wilmette Reef R-4 was found to contain lake trout eggs.
None off 73 guts examined in fall 1995 contained lake trout eggs,
although a ripe female lake trout 90 cm in total length was observed to
regurgitate lake trout eggs after being removed from the gillnet on 30
October. Guts of fishes obtained during fall gilinet sampling were not
examined for lake trout eggs in 1996. A detailed breakdown of the gut
contents of 228 large potential egg predators captured in 1994 and 1995
is presented as Table 5.
Ninety-seven mottled sculpin guts captured during fry trapping
operations in spring 1995 contained either nothing (67%) or various
amphipod and cladoceran remains. Twenty-nine alewife guts contained
either nothing (86%) or contained unidentifiable material, with one
exception: a 148 mm (TL) alewife had consumed a zebra mussel or zebra
mussel shell fragment.
Eighty-nine mottled sculpin guts obtained during fry trapping in 1.996
contained either nothing (60.2%) or various amphipod and cladoceran
remains. Three hundred thirty-eight alewife guts caught in trawling
operations contained no lake trout eggs; the 224 that were examined for
other gut contents contained either nothing (70.9%) or contained
unidentffiable arthropod remains. A single mottled sculpin captured in a
trawl on 2 May contained three lake trout fry. However, because trawling
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operations were conducted at least 100 m from the breakwater over
substrate we believe to have been featureless sand, the significance of
this observation is unclear. Five native crayfish all contained arthropod
remains. Seventy mottled sculpin guts examined in spring 1997
contained nothing. A breakdown of the gut contents of 428 potential fry
predators captured in 1996 is presented as Table 6.
Job 103.3: Rear wild-spawned lake trout eggs
Wild-spawned eggs
Most of the 77 eggs from the 1 December egg net/egg trap collection died
within sixty days, so the incubation box was abandoned as a separate
entity and combined in a flat incubation tray with the eggs collected in
egg bags on 20 December 1994. The eggs collected in egg bags faredbetter. The combined tray, consisting of the 502 live eggs removed from
egg bags and the survivors of the 1 December net/trap collection, yielded
approximately 150 live fry through 18 April 1995. Some of the eggs and
several fry were lost in a water system malfunction that occurred in
March 1995 and were not examined post mortem. However, 206 dead
eggs were examined. Of these, 100 were described as "indeterminate" in
development. Discounting the 100 eggs evaluated as "indeterminate,"
the hatching rates and egg examinations together imply a fertilization
rate at least as high as 52%, and probably higher.
Instantaneous egg mortality rates did not vary noticeably over the three
month incubation period. Only a few abnormal fry were noted. One pair
of "siamese twin" fry was hatched; also, a few fry failed to thrive and
became moribund during the yolk-sac absorptive phase. These were
sacrificed and removed from the incubation tray. No cases of blue-sac
disease were noted. A few fry (< 1%) began to weaken and swim in
circles during yolk sac absorption. One of these fry appeared to have a
deformed spine, but the others had no obvious deformities. These fry did
not recover but became moribund after the yolk sac was completely
absorbed.
Stripped eggs
We noted no differences in rates of hatching, rates of abnormality, or
rates of fry development between trays of stripped eggs and the small
sample of wild-spawned eggs we reared. However, whereas the stripped
eggs began to eye in mid-January 1995, the wild-spawned eggs began to
eye on 26 December 1994, suggesting (given assumed equality of
development rates) a spawn date of approx. 1 November 1994.
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Study 104: Assessment of sac-fry and emergent fry production
Job 104.1: Set and retrieve fry traps at spawning sites
1995:
Overall, fry trapping operations yielded five emergent lake trout fry and
three egg chorions (Table 7). Three live emergent fry, 1 dead emergent
fry, and one egg chorion were collected on 29 April, one live emergent fry
and two egg chorions were collected on 12 May, and no lake trout fry or
egg chorions were collected on 22 May or 2 June. The fry captures were
widely distributed among the traps, and on 29 April spanned more than
150 m of reef. In addition, fry trapping operations yielded 105 small
mottled sculpins, as described in Jobs 103.1 and 103.2 above. No fry
traps were lost in 1995.
1996:
Overall, fry trapping operations yielded 212 lake trout fry at Burns
Harbor between 10 April and 6 June. The fry captures were widely
distributed among the traps at both the west breakwater and new reef
sites (Table 7). In addition, fry trapping operations yielded 83 mottled
sculpins, as described in Jobs 103.1 and 103.2 above. 13 traps were
lost or destroyed, most of them by equipment deployed at the site by the
ACE contractor after our trap arrays were in place.
1997:
Overall, fry trapping operations yielded 44 lake trout fry at Bums Harbor
between 12 May and 11 June. Fry were captured at all three sites, with
number of fry captures higher on less zebra mussel-fouled substrata
(Table 7). Although we were unable to get sampling gear into the field
before the first appearance of fry, we may have captured the peak of fry
production, which seems to have occurred in late May, tapering rapidly
to nothing by the second full week of June (Figure 11).
We used the GLM module in Minitab 10.2 for Windows to compute an
analysis of variance (below) testing whether fry CPUE means were equal
among sites and whether gear types performed equally. Because there
was no difference between gear types, we computed at one-way ANOVA
testing equality of CPUE means among sites. The F-ratio for the one-way
test fell fractionally below the critical level for rejection of the null
hypothesis.
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ANOVA Table: two-way analysis of variance testing whether the mean lake trout
fry catch per effort values (fry/devices*days) for new- and old-design traps
deployed at WWF, WWU, and NR1 during 12 May - 11 June 1997 are equal.
Source DF Seq SS Adj SS Adj MS F Pr
site 2 0.011234 0.011693 0.005847 3.74 0.044
gear 1 0.003392 0.003392 0.003392 2.17 0.158
error 18 0.028129 0.028129 0.001563
total 21 0.042755
ANOVA Table: one-way analysis of variance testing whether the mean lake trout
fry catch per effort values (fry/devices*days) for WWF, WWU, and NR1 during
12 May - 11 June 1997 are equal.
Source DF SS MS F Pr
site 2 0.01123 0.00562 3.39 0.055
error 19 0.03152 0.00166
total 21 0.04276
Job 104.2: Trawl for post-emergent fry near spawning sites
1995:
No lake trout fry were captured during trawling operations in 1995. Five
trawl hauls yielded (in total) 29 alewife and one johnny darter as
described in Jobs 103.1 and 103.2 above.
1996:
Four daytime trawl hauls taken on 18 April and 2 May yielded no post-
emergent lake trout fry. Three nighttime hauls taken on 30 May 1996
also yielded no post-emergent fry.
DISCUSSION
101. Assessment of methods for detecting lake trout spawning sites
We tested the assumption that sonar can be used to identify lake trout
spawning areas by using a remotely operated video (ROV) and divers to
confirm the identity of aggregations of large, single sonar echoes near the
bottom. Large, putative lake trout echoes were consistently seen on the
sonar each year at Burns Harbor, and diver observations in 1996
confirmed the presence of large numbers of adult lake trout. Our ROV
work at Bums Harbor and Wilmette Reef R-2 in 1994 and 1995 detected
only one lake trout in over 3.25 h of video. Our efforts were hampered by
poor water transparency and rough seas. Nevertheless, a more advanced
ROV proved quite capable of observing lake trout spawning aggregations
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at Julian's Reef in 1995 (Marsden and Janssen in review), and 10 lake
trout were observed in 45 min using our ROV at Burns Harbor during
calm weather on 23 Nov., 1993.
Our sonar work supports the use of sonar as a tool for quantifying the
density and distribution of spawning aggregations of lake trout in
southern Lake Michigan. While sonar echoes cannot, on an individual
basis, be unambiguously identified to species, the size of echoes, the
seasonality of their appearance, and their characteristic distance above
the substrate are strong indicators of their identity as lake trout. An
ROV can be used to ground-truth the identity of the echoes, but its use
is limited by weather and visibility.
102. Comparison of spawning at natural and artificial sites
We quantified egg deposition rates at three sites concurrently with IDNR
gillnet sampling: Wilmette Reef R-2 (1994), Fort Sheridan (1995), and
Waukegan Wire Mill (1996). At all three sites eggs were collected using
gangs of egg nets and egg traps. Egg collections were focused on
substrate which appeared to have the best potential to attract spawning
lake trout. Egg collecting at all three sites yielded less than 0.001
eggs/trap-day, while nearby gillnet sets during the same periods yielded
at total of 85, 108, and 105 adult lake trout, respectively (Tables 1 and
2). IDNR index gillnetting generally yielded larger numbers of adult lake
trout at offshore reef sites (Julian's Reef, Wilmette Reef R-4) than at
nearshore sites in 1994-96. During an independent study we collected
eggs at Julian's Reef (Marsden and Janssen in review), but were unable
to quantify deposition rates.
The IDNR gillnet collections clearly indicate the presence of ripe lake
trout at all nearshore sites and at Julian's Reef, but the small egg
collection rates suggest that these sites are not foci of spawning activity.
The few eggs that we collected could easily have arrived at our nets and
traps by littoral drift or reproductive misadventure, and suggest that lake
trout did not spawn near the devices in any instance.
While we do not have index gilinet data from Burns Harbor, we saw large
numbers of putative lake trout echoes during sonar work in 1996 and
some echoes in 1994 (Job 101.3); sonar transects of Fort Sheridan in
1995 and Waukegan Wire Mill in 1996 yielded almost no putative lake
trout echoes. The large difference in frequency of echoes between Burns
Harbor and the shore sites between Fort Sheridan and Waukegan
suggest that many more lake trout accumulate at Burns Harbor than at
the shore sites during the spawning season. The absence of sonar
observations of lake trout aggregations near natural reef sites, and low
numbers of collected eggs, suggests either that spawning activity at these
sites is very diffuse and that the fishes did not accumulate at narrowly
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defined local reef sites, or that the fishes collected in the gillnets were in
transit along the shore. The artificial substrate at Bums Harbor appears
to attract spawning lake trout; in comparison, the artifically-deposited
substrate at the Waukegan Wire Mill was not similarly attractive. The
difference between the two sites may simple be a matter of scale - several
orders of magnitude more substrate has been placed at Bums Harbor
than at the Wire Mill site.
103. Assessment of primary sources of egg mortality
We sampled potential lake trout egg and fry predators to assess the level
of predation, and indirectly assess the presence of eggs on the substrate.
Several burbot and lake trout captured during 1994 IDNR lake trout
gillnetting operations at natural sites (Wilmette Reef R-2 and R-4,
Julian's Reef) in southern Lake Michigan were found to have consumed
lake trout eggs (Table 4). While 2 lake trout (of 24 caught) contained
eggs at Wilmette Reef R-2 on 24 Oct. 1994, all other eggs found were in
burbot stomachs. In every sample which yielded burbot, at least one
individual burbot contained eggs; in our largest sample, 5 of 45 burbot
(11%) captured at Julian's Reef on 16 October contained eggs. The
presence of eggs in these fishes implies that the eggs were predated at
most a few days previous to capture, so we can infer that some egg
deposition probably occurred near the point of capture. The fact that
sufficient eggs were available as prey for burbot, but we were unable to
capture many eggs using egg nets and egg traps, implies that we either
chose the wrong places to deploy our gear, that spawning was not
widespread at the site, or both. The relative paucity of eggs in stomachs,
and lack of eggs eaten by other species, suggests that spawning is not
heavy at these sites.
Captures of potential fry predators at Bums Harbor was limited to
mottled sculpin and alewife, which in our observations are certainly the
most abundant potential predatory fish species at the site during the
spring months. However, despite the fact that we collected 255 sculpin
in fry traps placed directly on rubble substrate known to have contained
quantities of lake trout eggs, and from which quantities of fry were
captured, we found no fry in their stomachs. Similarly, no alewife
contained fry. The apparent absence of fry predation by sculpin is
somewhat surprising, but is likely due to the collection method. All but
one of the mottled sculpin we examined were collected in fry trap
receptacles, where they might have been confined for several days before
capture. (Interestingly, several sculpin large enough to consume lake
trout fry were found within fry trap receptacles that simultaneously
contained swimming fry). In contrast, the single mottled sculpin that we
caught in a trawl contained three lake trout fry. This sculpin was
captured in a trawl haul well to the north of the rubble bed on the WW?
site. A diver survey of the area conducted during 1995 revealed no
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evidence of rocky substrate in the trawled area. Whether the sculpin
consumed the fry in the trawled area or simply swam there after the fact
is not known. The frequency of large snags in the vicinity of the rubble
beds at WW and the NR sites prevented trawling operations which might
have yielded sculpin directly from the areas where fry predation was
most probable. The fact that the only 'fresh' sculpin we examined had
essentially gorged on lake trout fry suggests that predator pressure by
sculpin on fry at Bums Harbor may be quite high, and that fry trap
captures of sculpin may be quite misleading for stomach content
analysis.
104. Assessment of sac-fry and emergent fry production
We assessed the potential production of wild lake trout fry by sampling
eggs and fry in the field, and monitoring development of wild-caught eggs
in the laboratory.
Wild-spawned eggs reared in the laboratory developed normally and in
substantial numbers, with approximately 27% of the eggs collected in fall
yielding sac or emergent fry in the spring. Results obtained during this
first year support our working hypothesis that there is no difference in
viability between fertilized stripped eggs and wild-spawned eggs.
Furthermore, the fertilization rate estimate of 52.4% implies that normal
spawning activity is occurring, and not simply the broadcast of
unfertilized eggs by isolated females. No obvious signs of contaminant or
nutrient deficiency syndromes were noted.
Changes in the quantity, quality, and distribution of rubble substrate at
Bums Harbor during 1994-1997 complicate interpretation of the fry
trapping data at the west wall. The number of fry captured per unit
effort at the west wall (WW) increased dramatically between spring 1995
and 1996, with nearly 56-fold more fry captured per unit effort in 1996
than in 1993-1995 combined. A nearly 23-fold increase in eggs collected
per unit effort (Job 101.4) at WW was also noted. However, fry trapped
per unit effort declined substantially between 1996 and 1997, although
almost 10% more eggs were collected per unit effort in the fall of 1996
than in 1995. The apparent decline in fry production implied by our
data is in part an artifact of the very late start of fry trapping operations
in 1997, approximately two weeks after the most productive week of fry
trapping in 1995 and 1996.
While it is unclear what changes in the mechanisms of overwinter
mortality occurred, we believe the profound increases in both spawning
intensity and fry production (measured per unit collecting effort)
observed during 1994 through 1996 are due to the habitat changes
wrought by the ACE construction work at the site. We hypothesize two
effects of the construction work that affect spawning intensity and fry
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production: an increase in the attractiveness of Bums Harbor substrata
to lake trout, and an increase in overwinter survival rates of eggs
spawned there. The WW renovation and construction of new reefs
introduced a large expanse of new rubble substrate, including (as early
as fall 1995) two distinct new rubble deposits where there was none
before. Sonar observations (Job 101.3) in 1994, 1995 (to a limited extent
because of the inclement weather), and 1996 revealed a steady increase
in the number of lake trout present over rubble substrate at WW and at
the new reefs, and revealed that lake trout aggregations were quite
focused, with few individuals observed away from rubble areas.
Our observations support a secondary hypothesis that lake trout prefer
rubble free of zebra mussel fouling. Results from both egg trapping (Job
101.4) and egg bag (Job 102.3) portions of this project show that lake
trout deposited substantially more eggs on unfouled substrate than
fouled. While a strong preference for unfouled rubble alone does not
explain the increase in spawning intensity (we note that lake trout
patronized the NR sites less frequently than the familiar WWvF in 1995
and 1996), it may explain why more lake trout were attracted to Bums
Harbor after the summer of 1995.
The large increase in fry production at WW` is harder to satisfactorily
explain, because the ACE habitat modifications may have changed
several independent factors affecting overwinter egg and fry survival. The
new rubble substrate differs from the old most obviously in the lower
density of encrusting zebra mussels. We hypothesize that the scarcity of
zebra mussels on new substrate may benefit lake trout because eggs may
drop much deeper into the interstices between rubble particles than
would occur on heavily fouled substrate, and that eggs incubated within
unfouled substrate might suffer lower rates of asphyxiation due to
sediment accumulation.
We tested the hypothesis that zebra mussel encrustation affects lake
trout egg and fry survival rates in the laboratory with an incubation
experiment (Appendix 3). Eggs were incubated from late October to
March in ventilated plastic devices partially buried in rubble cribs. The
cribs were submerged in a raceway bathed by flow-through lake water at
lake temperatures. Two treatments were used: clean rubble and rubble
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We note with concern that round goby (Neogobius melanostomus) have
become abundant at Bums Harbor WW at the time of this report. Divers
noted several round gobies (apparently 40 - 60 mm SL) along the
breakwater shoreward of the WW sites in the spring of 1997. Our
laboratory observations of goby predation on lake trout eggs and fry
strongly suggest that they will threaten the successful reproduction of
lake trout at sites like those at Bums Harbor (see attached manuscript
in Appendix 2). The round goby has been established in southern Lake
Michigan for more than five years, and has reached much higher
densities at a few sites (especially Calumet Harbor, Indiana) than native
mottled sculpin did before the goby's introduction. In our view, ideal
conditions exist for the production of a dense population of round goby
at Bums Harbor during the coming years, in part because a supply of
rich and easy-to-harvest prey will be provided each fall by spawning lake
trout. Whether round goby will be sufficiently active and hungry to
exploit this resource during the cold winter months is presently
unknown.
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Table 1. Summary of lake trout collected during IDNR fall gilinet sampling. 1994-96.
Referred to in Job 10 1. 1.
Lift date
1994
13 October
24 October
13 October
24 October
13 October
24 October
18 October
16 November
18 October
16 November
18 October
16 November
17 October
1995
17 October
31 October
17 October
31 October
17 October
31 October
30 October
7 November
30 October
7 November
1996
16 October
1 November
16 October
1 November
16 October
25 October
6 November
25 October
6 November
Loran coordinates
Waukegan
Waukegan
Fort Sheridan
Fort Sheridan
Wilmette Reef R-2
Wilmette Reef R-2
Julian's Reef
Julian's Reef
Julian's Reef
Julian's Reef
Wilmette Reef R-4
Wilmette Reef R-4
Clemson Shoal
Waukegan
Waukegan
Fort Sheridan
Fort Sheridan
Wilmette Reef R-2
Wilmette Reef R-2
Julian's Reef
Julian's Reef
Julian's Reef
Julian's Reef
Waukegan
Waukegan
Fort Sheridan
Fort Sheridan
Wilmette Reef R-2
Julian's Reef
Julian's Reef
Julian's Reef
Wilmette Reef R-4
33255/49745
33254/49744
33290/49833
33289/49831
33313/49938
33313/49938
33230.6/49875.2
33231.3/49875.2
33233.5/49874.8
33231.3/49874.1
33270. 4/49920.0
33277.7/49919.3
41483.3/87320.9
33253.1/49742
33253.3/49742.3
33288.5/49829.5
33292.2/49829.2
33314.9/49941.2
33313.4/49939.1
33231.6/49874.4
33231.4/49874.7
33233. 2/49876. 7
33234.2/49874.6
33253. 6/49744.9
33253/49741.2
33290.3/49829.8
33290.5/49829.2
33314.4/49942
33232/49875.3
33231.4/49874.9
33234.4/49877
33278.9/49921.3
Number of
Depth (m) lake trout
5.5
5.5
12.9
11-12.9
27.6
27.6
37
27.6-37
11-15
12.9-18.4
12
5.5
5.5
11
11
9.2
7.4- 11. 1
27.6
27.6
37
37
7.1
5.6
11.1
11.1
7. 1-1 1.1
27.8-31.5
27.8-37
37-38.9
14.8-22.2
3
17
1
30
16
69
53
128
65
51
15
85
1
80
80
34
74
18
79
78*
144
98*
121
38
67
42
45
21
76
134
117
42
*Fished for 4 nights
92.
16-1 A L.%- L.^aA CAA  %ý%-RWA %-A A A4L&site
Table 2. Summary of egg collections obtained using gangs of egg nets
and egg traps during the 1994-96 spawning seasons in southwestern
Lake Michigan (see Job 101.4).
Date Date
set liftedSite
Collection # Devices Live
gear retrieved egg
Dead
eggs Chorions
1994
Burns Harbor
Wilmette Reef R-2
1995
Burns Harbor
Fort Sheridan
1996
Burns Harbor
WWF
WWU
NR1
NR2
NR3
07 Oct.
07 Oct.
07 Nov.
06 Oct.
06 Oct.
08 Nov.
08 Nov.
07 Nov.
07 Nov.
01 Dec.
07 Nov.
07 Nov.
24 Nov.
24 Nov.
17 Oct. 29 Nov.
17 Oct. 29 Nov.
nets+traps
nets+traps
nets+traps
nets+traps
nets+traps
nets+traps
nets+traps
nets+traps
nets+traps
20 Oct. 16 Nov. nets+traps
20 Oct. 16 Nov. nets+traps
16 Oct. 22 Oct.
22 Oct. 19 Nov.
16 Oct. 22 Oct.
22 Oct. 19 Nov.
22 Oct. 19 Nov.
22 Oct. 19 Nov.
22 Oct. 19 Nov.
nets
nets
nets
nets
nets
nets
nets
25/25
25/25
25/25
25/25
25/25
25/25
25/25
25/25
6/5
25/25
21/22
25
25
25
25
10
21
25
7
1
77
0
0
3
1
1
0
41
0
0
0
0
1670 70
26 4
0
0
6
16
0
1224
111
198
99**
0
1
* 0
* 21
* 0
* 2
* 1
* 2
* 0
Wire Mill 15 Oct.
15 Oct.
01 Nov.
01 Nov.
01 Nov.
01 Nov.
10 Dec.
10 Dec.
nets+traps
nets+traps
nets+traps
nets+traps
*dead egg category discontinued in 1996
25/25
25/25
25/25
15/15
0
1
3
0
1
0
0
0
date of retrieval
substrate.
1
0
27
2
3
4
3
130
57
**one end of gang found far from reef on sand bottom; by
probably no more than half of the devices were on rubble
y3
Table 3: Summary of egg collections obtained using egg bags during the 1994 and 1996
spawning seasons in southwestern Lake Michigan (see Job 102.3). MS/Cr = number of mottled
sculpins / number of crayfish (all species). Fouling measured subjectively (in lab) on 0-5 scale.
where 0 represents no fouling (no zebra mussels on frame and bag) and 5 represents heavy
fouling (hundreds of zebra mussels on frame and bag. including attached druzes). Fouling
measurements made only in 1996.
Site
1994
Burns Harbor
WWF
1996
Bums Harbor
WWF
wwu
NR1
NR3
Date In Date Out Eggs Chorions MS/Cr
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
11 Oct. 20 Dec.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
23 Sep. 19 Nov.
219
51
0
331
27
15
71
28
3
12
4
6
3
1122
546
1462
439
823
15
9
0
32
8
19
2
13
1
9
2
0
2
125
49
102
71
290
2
29
41
128
3
4
5
129
8
77
4
12
10
16
2
1
0
16
2
7
1/2
1/1
0/0
0/1
0/0
1/0
0/5
0/1
0/1
0/0
0/0
0/0
0/2
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
Fouling Notes
(1)
4
3
3
5
4
0.5
0.5
1
1
1
1
1
0.5
1
0.5
0
0
0
0
0
(2)
Notes:
(1) Bag was filled with a stinking mass of anoxic mud.
(2) Bag had multiple holes larger than 2.5 cm in it, probably due to abrasion.
'V4'
Table 4. Summary of gut contents of 845 potential lake trout (LT) egg
and fry predators collected during 1994-1996 gillnet. egg collection, and
fry trapping operations.
Date Site
24 Oct.
1994
Fort Sheridan
(gilnetting)
Waukegan
(gillnettlng)
Wilmette WR-2
(gillnetting)
16 Nov. Julian's Reef
1994 (gillnettng)
Jullans Reef
(gillnetting)
Wilmette WR-4
(gillnetting)
29 Apr
1995
12 May
1995
Burns Harbor
(fry trapping)
Burns Harbor
(fry trapping)
Aýt A
12 May Burns Harbor Cottus bairdi
1995 (3 trawl hauls)
Alosa
pseudoharengus
Etheostoma nkgrum
22 May Burns Harbor Cottus bairdi
1995 (fry trapping)
Notrops hudsontus
17 and 31 Wllmette R2.
Oct. 1995 Fort Sheridan.
Waukegan
(gillnetting)
29 Apr.
1996
2 May
1996
Burns Harbor
(fry trapping)
Burns Harbor
(trawling)
Salvellnus
namaycush
Salmo tutta
Oncorthyndus myktss
0. tschawytscha
Dorosoma
cepedfanum
Percafjivescerns
Cottus bairdi
Alosa
pseudoharengus
A. pseudoharengus
CottLus bairdi
Species
Cyprius carpio
Saltmo trutta
Salveoinus
namaycush
Unident. salmonid
Aplodinrotus
grunnuuiens
PercaJ lavescerns
Salvelonus
namaycush
Onchorhyntchus
tschawytscha
Saluelinus
namaycush
Lota zota
Salvetnus
namaycush
Lota lota
Percafjavescens
Salvewrus
namaycush
Cottus bardl
Cottus bairdi
1
35
9
LT eggs (41); D. polymonrpha
shell fragments
fishes. incl. sculpins: D.
polymorpha shell fragments
empty
19 unidentiflable matter:
arthropods: amphipods
8 cladocerans; amphipods
27
29
2
43
1
43
3
1
1
17
8
16
27
1101
cladocerans; amphipods;
unidentiflable invertebrates
unidentified arthropods;
unidentiflable matter: D.
pojlymorpha shell fragments
empty
cladocerans; amphipods:
wood chip
empty
fish. arthropods
fish
fish
fish. arthropods
arthropod parts
arthropod parts
arthropod parts (see note 1)
three lake trout fry (see note
21
Empty
Guts
0%
33.3%(1)
100% (2)
0%
0%
0%
Guts with LT
Eggs or Pry
0%
0%
0%
0%
0%
0%
N Stomach Contents
I small rocks
3 fishes. including sculpins
2 empty
I sculpin: D. polymorpha shell
fragments
1 fish
2 fishes. Including sculpins:
crayfish
3 fishes
1 fish
24 fishes: LT eggs
45 LT eggs; fishes: parasites:
small rocks:
D. polymorpha shell
fragments
17 fishes 82.4%
(14)
0%
34.3%
(12)
100% (9)
68.4%
(13)
50% (4)
59.3%
(16)
86.2%
(25)
100% (2)
60.4%
(26)
100% (1)
83.7%
(36)
33.3% (1)
0%
100% (1)
100% (17)
25% (2)
68.4%
(11)
88.9%
(24)
<100%
0%
0%96
100% (1) with
eggs
0%
0%
0%
0%
0%
0%96
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
100%
Ll'5
~
33.3% (1) 0%
0% 0%
75%(18) 8.3% (2) with
eggs
48.8% 11.1% (5)
(22) with eggs
Table 4, continued.
Empty Guts with LT
Date Site Species N Stomach Contents Guts Eggs or Fry
12 May Burns Harbor Cottus balrdi 4 100% 0%
1996 (trawling)
Orconectes spp. 5 arthropod parts 0% 0%
12 May Burns Harbor Cottus balrdi 25 arthropod parts 60% (15) 0%
1996 (fry trapping)
22 May Burns Harbor Cottus balrdi 43 arthropod parts 62.8% 0%
1996 (fry trapping) (27)
30 May Burns Harbor Alosa 197 arthropod parts 68.5% 0%
1996 (trawling) pseudouarengus (Bythotrephes?) (135)
22 May - Burns Harbor Cottus batrdi 70 arthropod parts >90% 0%
11 Jun (fry trapping)
1997
NOTES:
(1) Fishes were dissected in the field during trawling operation; sole intent was to determine
whether lake trout fry were present, so full statistics were not collected.
(2) Single mottled sculpin captured approx. 100 m N of breakwater "elbow" where west wall meets
north wall; the substrate where this fish was caught was an unrelieved expanse of sand.
Table 5. Detailed breakdown of gut contents of 228 large fishes collected
during 1994 and 1995 fall lake trout gillnet sampling.
Percent of Guts Containing:
Percent LT Zebra Arthro- Para- Inorg.
Species N Not Empty Eggs Fish Mussels pods sites Mat.
1994 (N = 155)
burbot (Lota Iota) 56
lake trout
(Salvelinus
namaycush)
yellow perch (Perca
Jlavescens)
Brown trout
(Salmo tnitta)
unidentified
salmonid
chinook salmon
(Onchorhynchus
tschawytscha
carp (Cyprinus
carpio)
freshwater drum
(Aplodinotus
grunniens)
1995 (N = 73)
lake trout
(Salvelinus
namaycush)
brown trout (Salmo
trutta)
rainbow trout
(Oncorhynchus
mykiss)
chinook salmon
(Oncorhynchus
tschawytscha)
gizzard shad (
yellow perch (Perca
flavescens)
55
37
62.5 11.5 48.2
21.8 3.6 18.2
64.8 0.0 29.7
66.7 0.0 33.3
100.0 0.0 100.0
100.0 0.0 0.0
100.0 0.0 0.0
100.0 0.0 0.0
43 16.3 0.0 7.0
66.7 0.0 66.7
100.0 0.0 100.0
0.0 0.0 0.0
0.0 0.0 0.0
75.0 0.0 25.0
17
1.8
0.0
1.8 8.9 1.8
0.0 0.0 0.0
8.1 2.7 0.0 0.0
0.0
100.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
7.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0
0.0
0.0
100.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 25.0 0.0 0.0
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Table 7. Summary of fry collections obtained in the springs of 1995-97
at Burns Harbor. (Job 104.1)
Date Date
Set Lifted DevicesSite
Dead
Fry Eggs Chorions
1995
WW
WW
WW
ww
1996
WW
WW
WW
WW
WW
WW
NR1
NR1
NR1
NR1
NR1
NR1
36/o
36/o
36/o
20/o
22/o
20/o
21/o
11/o
15/o
10/0
6/o
9/o
14/o
8/o
5/o
5/o
4
1
0
0
3
112
33
48
4
0
0
4
1
5
2
0
24 Apr 29 Apr
29 Apr 12 May
12 May 22 May
22 May 2 Jun
12 Apr 18 Apr
18 Apr 2 May
2 May 8 May
8 May 17 May
17 May 30 May
30 May 6 Jun
12 Apr 18 Apr
18 Apr 2 May
2 May 8 May
8 May 17 May
17 May 30 May
30 May 6 Jun
8 May 17 May
17 May 30 May
30 May 6 Jun
12 May 22 May
22 May 30 May
30 May 5 Jun
5 Jun 11 Jun
12 May 22 May
22 May 30 May
30 May 5 Jun
5 Jun 11 Jun
12 May 30 May
30 May 5 Jun
5 Jun 11 Jun
12 May 22 May
22 May 30 May
30 May 5 Jun
5 Jun 11 Jun
NR2
NR2
NR2
1997
WWF
WWF
WWF
WWF
WWF
WWF
WWF
WWF
WWU
WWU
WWU
WWU
WWU
WWU
WWU
2/o 0
4/o 0
3/o 0
0
0
0
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
00
10
0
0
0
0
0
2
0
0
0
0
0
0
0
0
2
0
0
0
0
20
0
0
0
0
0
0
0
0
0
7/n
7/n
7/n
7/n
8/o
8/o
8/o
8/o
3
0
0
0
0
1
1
0
7/n 5
7/n 0
7/n 0
8/o
8/o
8/o
8/o
Table 7. continued.
Date Date Dead
Site Set Lifted Devices Fry Eggs Chorions
NR1 12 May 30 May 7/n 21 0 0
NR1 30 May 5 Jun 7/n 5 0 0
NR1 5 Jun 11 Jun 7/n 0 0 0
NR1 12 May 22 May 7/o 1 0 0
NR1 22 May 30 May 7/o 3 0 0
NR1 30 May 5 Jun 5/o 1 0 0
NR1 5 Jun 11 Jun 7/o 0 0 0
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Figure 1: field sites at Burns Harbor, Indiana, referred to in this study. Fouled
and unfouled portions of the west breakwater overlap along much of the
structure and cannot be separately marked.
52.
CCDrQ
z
LM.
0
mLo
Lm
Lm
en
4)
0rCu;
cr.,
0
0Z
CD
0~
cv
L.cm
(sw, O o(slpasuB11 V JaAopawwlns) junoC)
5S
00
cm
1ý
CY)cc
z
Li
0SOLM
~C
0)
LM
CC
C0 Z
CI
:)
II
oZ
.0
0(
G)O)
LM
CuL
00cG
U,
Go CD
(sI:38suB~ IQ V ;AO pawwns) lUflo3
5q
-ri
L. ~t~
r L L 4i~
.~L_~t;L Lr f. e~
r
· c c
·~~~~r
· ·-
... ,,,
0
@0
0
0
0
0 0
*
0
0
0
0
0
0
5 I I
(0a)
a)
0)
Ir L)
co
0
C
co u
CL0
m
I..
v
*0 0
0.
to
.C )
0
0
em 0
E~
U)
C
'C
C')
0
L.
( u LOouw euS) i(joesuejl altiuis) j noC)
55
cc z
40)
C)
I L~
m -%+- C
z C DC )M cz
LCD
E
,.-
z 0
C-)
- a) 0CLO
CZ (D
c:
t6
E(1Q) CL
CZ o EI
LL C -* -cz
U-C) czCD CDa(o E
LL ZAuC] jad ION jadS553 UPON
5(6
0 0 0
0 6 C6
Ae ied IaN ied suooijoq uevN
Co)
Cz
z
z
U-
C1d
1 CL)
c4-(E
z 0O
Q3Q
C-
C3
:3 CL~C)
CL
0- 
0 11L
CL
0..eo EII
0 EI0 CLQm 3: 0E CDQ D~~Z
CD) E
C1)
0
6;
~C~
/ue] .ied ION.ied uidinoS pelj~oA u~e@A
CY)Cc
z
CMj
cc
z
U-
C0)
(D
ci)
CL
c'I
C)L
0)
E 75-
0)
I I
U-
o> c
Y) (0
CI)cz= 
E
C/) () U)L, CI /
L.E'- 0CLE~`C1IZ iCHIa
CU'-,
co :
cc nCD C
a) C
a) 0C)0 0 0 C0 00 CD CD CD a
G3!OAGG id s5563 o ijaqwnN[ ueBO
f
I
CY))
CO) =0
naE
czE
0r
in 0
0. a)
0o
83!AeG ] ed SUO!joqlO JO ieqwnN UBON
a)
a)
I I i Iiri - UL
(D LO 1 CY) C'J0 LL z
eoIAeQ ijed
S563 GIOLIM 01 SUQU1OLID 10 01BIJ UEGINA
U)
Fn c
*- 0
a,
C I czncr r zr .Z E
CO c
a) Z a
>,a).-L
75ii>t
05
C;)E~a
o m )
-= EE2O 0)0 CDdaCZ
Ca) co
qrý
qrý
Tý
LC)0) :5
0 0L LLa6 6 0 0 LL
'ABC Jd e3!AeQ .18d pein~duoj '%
C/)a).
()C
CLv
czA
"Z r 11,
:3
vv a
LLQ
TTII
C O
ci)
gL.L
CIO
C/
CI ) CD
CLJ
00CL
czLL c(D(DL. U
IU DL
I - CVC Cr 3
z zi
Lf)
IC;0
E
E
CCj
E
EV-
E
E
Cý
r-00
E
E
r-U;
E
cDE
CDl
E
E
co
E
>>0E cco
E mn0 mE >)0(D C
#3 N,
.2 ccoo
N COa  c
0 0E0Co1LL 0
1"ý 0
__
11.4 x 8.9 cm P
bottle lid epoxied
(inside of lid cut
by funnel)
oric cone: diameter
cm at apex; height
Nalgene (tm) HDPE bottle
60 <
app2
5'
-, / It
4'
/
' "
- /
//"
nylon mesh fabric
[ .-..... l k "• • I
3.8 cm anchor ring made of
corrugated plastic tubing
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APPENDIX 1. Zebra mussel densities on rubble substrate at Burns
Harbor, Lake Michigan
Zebra mussel densities on the surface of rubble bed particles were
estimated at four Bums Harbor sites (WWF, WVWU, NRL, NR2) in the fall
of 1996. Approximately ten surface rubble particles were carefully
collected from each site by a diver in November 1996. The particles were
packed in a single layer in boxes to prevent abrasion, transported back to
the laboratory, and dried in room air. Five particles were selected at
random from each group, and a randomization procedure was used to
select a quadrant of each particle for examination. All zebra mussels
were carefully dislodged from a circular region 4 cm in diameter and
collected in a cup. The length of each mussel was measured; mussel
fragments large enough to be clearly identified as the major remnant of a
mussel were also measured.
The highest numerical densities of zebra mussels were found at NR1
(61,742 mussels/m 2), WWU was second highest at 31,075/m 2, with WVWF
and NR2 much lower, at 18,034 and 17,117/m 2, respectively (Figure 12).
However, the majority of mussels on the newly deposited substrates
(WWU, NR1, and NR2) were tiny, newly settled individuals. Thus,
numerical densities are misleading and, in retrospect, a volume or mass
estimate would better reflect the magnitude of the fouling by zebra
mussels. The ranking based on mussel biomass is WWF > WWTU> NR1 >
NR2. The raw data and computed densities are presented in Table 8.
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APPENDIX 2
(This is a copy of manuscript submitted to JGLR)
Round Goby Predation on Lake Trout Eggs: Field Predictions from
Laboratory Experiments
Michael A. Chotkowski and J. Ellen Marsden'
Illinois Natural History Survey
Lake Michigan Biological Station
400 17 t St., Zion IL 60099
Running head: Round goby predation on lake trout eggs
1 Current address: School of Natural Resources, Aiken Center, University of Vermont, Burlington VT
05405
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Abstract
The accidental introduction of round gobies (Neogobius melanostomus)
into the North American Great Lakes has raised concerns about their
potential impacts on local fauna. Gobies have similar habitat and
spawning requirements to mottled sculpins (Cottus bairdi) and slimy
sculpins C cognatus), and may already be displacing sculpins where the
ranges of the two species overlap. Like sculpins, gobies are capable of
penetrating interstitial spaces to acquire food, and therefore may become
predators of interstitially incubating lake trout eggs. We conducted
laboratory experiments to compare egg consumption rates and critical
size (the minimum size at which a fish .was capable of ingesting an egg)
between round gobies and mottled sculpins. We also examined
predation by both species on lake trout eggs and fry in two grades of
substrate (cobble and gravel). Mottled sculpins consumed larger
numbers of eggs than round gobies of similar size, and were capable of
ingesting eggs at smaller sizes than gobies. Both gobies and sculpins
had lower foraging success on smaller substrates (gravel) than on cobble.
Gobies have a larger maximum size than sculpins, so a population of
gobies could exert a higher predation pressure on eggs and fry than a
similar population of sculpins. Gobies are currently present at higher
densities than sculpins in areas where they are established in the Great
Lakes. We predict that, whether or not they displace sculpins, round
gobies may negatively impact lake trout by direct predation and because
they are less accessible to lake trout as forage than sculpins.
Keywords: lake trout, round goby, egg predation, non-indigenous
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Introduction
The round goby (Neogobius melanostomus) was accidentally introduced
into the St. Clair River in 1990, and currently poses unknown threats to
Great Lakes and North American biota. In contrast to zebra mussels
(Dreissena polymorpha) and ruffe (Gymnocephalus cernuus), the round
goby has not made any notable invasions outside its native range prior to
arriving in North America, so its behavior in the absence of co-evolved
predators and prey is open to speculation. However, the habitat use,
foraging behavior, and gross morphology of the round goby are similar to
those of the native Great Lakes sculpins, Cottus cognatus (slimy sculpin)
and C. bairdi (mottled sculpin), so it is likely that round gobies will
compete with mottled sculpins for shared space and possibly food
resources. In fact, studies by Jude et al (1995) indicate that gobies do
compete successfully with mottled sculpins, and may be displacing them
in areas where gobies are abundant such as Lake St. Clair. Other
potential effects of gobies may be inferred by their ecological similarity
with sculpins, i.e., what sculpins do, gobies may do better.
Gobies are generalist feeders, but are particularly effective as
molluscivores; a large portion of their diet in their native range and in
North America is composed of zebra mussels and other bivalves (Kovtun
et al. 1974, Jude et al. 1995). Gobies also consume amphipods,
polychaetes, mysids, snails, and fish in their native range (Skaskina and
Kostyuchenko 1968, Strautman 1972). Gobies readily eat eggs of
conspecifics if a nest is left unguarded (unpubl. obs.). Fish eggs provide
a lipid-rich, high-energy food resource, particularly in fall and winter
when gobies need to replace energy reserves lost during spawning and
nest guarding. Gobies, like sculpins, are benthic fishes which have the
ability to penetrate interstitial spaces while foraging. Consequently,
gobies may also compete with sculpins for a fall food resource, i.e., lake
trout eggs which are deposited on cobble and settle into interstitial
spaces. Round gobies therefore have both the motive and the
opportunity to be lake trout egg and fry predators.
Lake trout populations in the lower four Great Lakes are currently
supported only by stocking, as native populations were extirpated by the
1960s by overfishing and lamprey predation. The ultimate goal of the
stocking program is to re-establish self-sustaining populations, with
successful natural reproduction at multiple sites throughout the lakes.
To date, lake trout have been found to spawn at multiple sites, and fry
production is high at a few sites; however, recruitment has been
insufficient to produce detectable year classes in the lower four Great
Lakes (Selgeby et al. 1995). The chief apparent impediment to
restoration is high rates of mortality affecting the early life stages,
between egg deposition and survival to the yearling stage. Lake trout
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eggs and early fry stages are particularly vulnerable to predation during
the five months which they spend incubating in cobble substrates.
Native predators of lake trout eggs are primarily interstitial foragers such
as sculpins, crayfish (Orconectes spp.), and burbot (Lota Iota; Stauffer
and Wagner 1979, Horns and Magnusson 1981). Eggs have also been
found in stomachs of yellow perch (Perca flavescens), suckers
(Catostomus commersoni), bullheads (Ameiurus nebulosus), and lake
trout, all presumably having eaten eggs soon after deposition and before
the eggs settled deeply into the substrate (Royce 1951, Martin and Olver
1980, Fitzsimons 1990). Because lake trout formerly co-existed with
these predators, egg survival should be adequate if egg densities are
equivalent to historic densities and if predator densities are no higher
than historic levels. Egg deposition rates measured on Stony Island Reef
in Lake Ontario (700-3,355/m 2; Perkins and Krueger 1995), and at
Burns Harbor breakwall in Lake Michigan (up to 17,624/m 2; unpubl.
data), are equivalent to or higher than historic egg densities (215-
1,443/m 2, average 538/m 2, Martin and Olver 1980). Population
densities of some native predators (burbot, deepwater sculpins
Myoxocephalus thompsoni, and spoonhead sculpins Cottus ricei) have
declined in Lake Michigan and elsewhere, but slimy sculpins have
increased in abundance in some areas of the Great Lakes (Brandt 1986).
The nature and intensity of predator pressure on lake trout eggs and fry
may have changed with the introduction of exotic species, and the shift
of spawning from deep water (native fish) to shallow water (stocked fish).
Alewife have been shown to consume lake trout fry in the laboratory and
in the wild, and are present in sufficiently high densities that they could
threaten recruitment if fry hatching levels are low (Krueger et al. 1995).
Exotic egg predators are rare, and are unlikely to have a significant
impact on the total population of eggs on a spawning reef. A carp
(Cyprinus carpio) was captured at Burns Harbor with lake trout eggs in
its stomach (Marsden in press), but it likely consumed the eggs
incidentally while foraging on areas heavily encrusted with zebra
mussels. Rusty crayfish (Orconectes rusticus) in Lake Michigan may
consume eggs, but these crayfish are so far only abundant in shallow
waters, primarily in and near harbors. Savino and Miller (1991)
determined that crayfish (Orconetes virilis) were able to acquire and
consume up to 4 eggs or fry per day in laboratory experiments, but they
concluded that at normal densities, which varied from 1/m 2 in
southwestern Lake Michigan to 16/m 2 in Green Bay, crayfish were likely
to have a negligible impact on lake trout reproductive success.
Significant predation on lake trout eggs or fry can only be accomplished
by a predator which, like sculpins, has access to interstitial spaces and
the ability to consume large numbers of eggs or fry daily.
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The purpose of this study was to examine the potential for round gobies
to become predators of lake trout eggs and fry, and to compare their
ability to obtain and consume these prey items with a natural predator,
mottled sculpin. Because they are of similar size, habitat, and
morphology, we hypothesized that both species would have similar egg
consumption rates when fed ad libitum, and that they would have
similar "critical" sizes-sizes which separate small fishes incapable of
ingesting eggs from larger fishes able to ingest them. We used gobies
with previous experience of lake trout eggs as food so that learning was
not a factor in the experiments. However, informal observations
confirmed our expectation that round gobies with no prior experience
willingly consume lake trout eggs in the laboratory. The experiment was
conducted entirely under laboratory conditions, because during the
study the nearest proximity of an established goby population to a lake
trout spawning reef was 34 kIn, the distance between Calumet Harbor
and a spawning site at Burns Harbor, Lake Michigan. However, in
August, 1996, the first round goby was found in Burns Harbor, less than
0.3 km from the cobble on which lake trout spawn (Jim Francis, INDNR,
100 W. Water St., Michigan City, IN 46360, pers. comm.), and in the
spring of 1997 we found them immediately adjacent to the area of
densest lake trout egg deposition.
Methods
The round gobies used in these studies were collected by angling at
Calumet Harbor, Indiana in November 1994 and October-December
1995. Mottled sculpin were collected in minnow traps at Burns Harbor,
Indiana in November 1995 and by seine from Boone Creek (2 km SW of
McHemy, Illinois) in February 1996. Fishes were maintained in
laboratory aquaria for up to five months at densities of 5-10 fishes m2 on
a diet of red worms, black worms, and lake trout eggs. During
maintenance and experimental trials water temperature was measured
daily, and in all cases remained within the range 4.5-140 C.
Most of the lake trout eggs used in these experiments were stripped from
fishes collected in gillnets in southern Lake Michigan in October and
November of 1994 and 1995. Eggs were fertilized using milt from males
taken from the same nets. A quantity of eggs was received from the Iron
River National Fish Hatchery to relieve a shortage in February, 1996.
Eggs were incubated in mesh trays held in fiow-through laboratory
raceways fed with raw lake water at field temperatures throughout the
winter and early spring months. Hatching began in February in both
1995 and 1996.
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Consumption Rate and Critical Size Study
We conducted a regression-based consumption rate study to compare
egg consumption rates and determine the "critical" fish size below which
a fish is too small to ingest an egg. To measure the weight-specific
average and maximal rates at which round gobies and mottled sculpin
would consume lake trout eggs in the laboratory, we fed lake trout eggs
to ten round gobies (56-113 mm SL; 3.1-33.9g) during 18 February-2
March 1995, and 14 mottled sculpin (42-78 mm.SL; 1.2-10.66g) during
21 January-4 February 1996. The smallest fish in each sample were
below the size we expected to be capable of ingesting lake trout eggs.
Over the approximately one order of magnitude weight ranges
encountered here, we assumed no scaling of metabolism.
Prior to commencing feeding experiments, each fish was weighed,
measured, and placed in a separate 52 L opaque rectangular aquarium
containing a small pile of 10 cm-diameter rubble as shelter. The ten
aquaria were housed in a quiet area receiving indirect natural light.
After withholding food for five days, we placed a cluster of ten eggs in
plain view at the end of most of the aquaria opposite the rubble shelter.
The two largest fishes (97 and 113 mm SL) received 12 eggs each. Each
afternoon thereafter, we visually counted the remaining eggs, noted
whether yolk debris (expressed from damaged eggs) was present,
measured the water temperature, and renewed the number of eggs to ten
or 12. We were unable to determine whether yolk debris originated from
multiple eggs when more than one egg had been consumed. After
terminating the experiment, we measured and weighed the fishes again,
and computed the mean and maximal number of eggs consumed during
a 24 h interval. Yolk debris frequency was computed as the proportion of
observations in which yolk debris was present divided by the proportion
of observations in which one or more eggs had been consumed. There
were no occasions when yolk debris was observed but no eggs had been
consumed.
To describe the difference in the length-weight relationship of the field
populations we sampled, we regressed weight° ' against standard length
for both samples. The regression slopes in each species were then
compared using the procedure described by Zar (1984, p. 292ff.). To
compare lake trout egg consumption rates between round goby and
mottled sculpin, we regressed the average and maximal consumption
rates against fish weight, and compared slopes using the procedure cited
above. We used the regressions, supported by observations of small
fishes apparently unable to ingest eggs, to estimate the "critical"
standard length for each species. We tested the hypothesis that yolk
debris frequencies were identical for sculpin and gobles of 55 to 80 mm
SL (n= 12 and 6, respectively) by a one-way a~nova; 55-80 mm represented
the overlap between the size ranges of the goby and sculpin samples
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available to us. We also visually examined plots of yolk debris frequency
against standard length to see whether there was a change in the
frequency of yolk debris near the "critical" size that might indicate an
increase in difficulty with egg handling.
Substrate Study
Although the round goby and mottled sculpin are superficially similar
fishes, differences in behavior and sensory physiology may cause them to
have different success when retrieving lake trout eggs or fry from
interstitial spaces, and when predating eggs and fry at different stages of
development. We hypothesized that both predator species would have
greater success predating eggs or fry within coarse substrata, having
large interstitial spaces, than in finer substrata. We also hypothesized
that both fishes would forage more successfully on emergent fry than on
eggs or sac fry, because the first may be taken above the substrate
surface, while the others must generally be sought in the interstices
among substrate particles.
We used a two-way analysis of covariance experimental design, with
unequal replication, to test null hypotheses of no substrate or
developmental stage effect on foraging success. Round goby and mottled
sculpin experiments were conducted separately: round goby were tested
during the winter of 1995 and mottled sculpin during the winter of 1996.
In each experimental trial we allowed a predator to forage for four days in
an aquarium containing layers of substrate particles and a small number
of (initially) widely dispersed prey items. Limiting the number of
available prey was critical because we wanted to ensure that the
predators incurred a search cost for each prey item taken; clustered or
numerous prey might have enabled the predators to satiate themselves
quickly and would probably have reduced any differences in foraging
success among substrate treatments. Eggs or fry of a single
developmental stage were used as prey in individual experiments.
Predator standard length was incorporated as a covariate in the model.
We expected larger fishes to encounter greater resistance entering
interstitial spaces, and to suffer correspondingly lower success finding
prey. In the experimental design, therefore, substrate and prey
developmental stage were fixed factors, with predator standard length as
a covariate; the dependent variable was number of prey items consumedper four days. We considered it reasonable to assume linearity of
response of standard length with respect to both fixed factors. Tukey
multiple comparisons were used to distinguish groups where
appropriate. Models were estimated using the GLM procedure in Minitab
Release 10.2 for Windows (Minitab, Inc. 1994).
The treatments for the substrate factor consisted of a rounded 4.5 cm
river gravel ("smooth gravel"), a rough 5 cm quarried gravel ("angular
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gravel"), a 20 cm-diameter quarried rubble ("rubble"), and a no-particle
("null") treatment consisting of a bare aquarium. The rubble particle size
was similar in size and consistency to substrates on which lake trout
spawn at Stony Island Reef, Lake Ontario, and Bums Harbor, Lake
Michigan (Marsden and Krueger 1991, Marsden 1994). We expected the
smaller particles to present a greater challenge in the laboratory.
Developmental stage treatments were chosen to span the interstitial
period of lake trout development; they included eggs, early sac fry, an
older sac fry stage with partially absorbed yolk sac, and an early
emergent fry stage.
Experimental trials using round goby predators were conducted between
6 January and 18 May 1995, while observations for the completed
portion of the mottled sculpin experiment were collected between 5
January 1996 and 25 January 1996. In each experimental trial,
measured and weighed individual predators were placed in 52 L opaque
plastic aquaria, each containing a layer of substrate at least three
particles deep, and allowed to forage for four days. One-half hour before
the introduction of the predator in each trial, ten prey items were
uniformly sprinkled into each aquarium and allowed to settle to the
bottom or disperse. At the end of each trial, the substrate contents and
predator from the aquaria were removed to other containers and the
surviving prey items were counted.
Although we collected all observations necessary to complete the design
with the round goby predator, our work with mottled sculpin predators
was cut short by a mechanical failure that destroyed our supply of lake
trout eggs on January 25, 1996. At that time we had only completed the
portion of the experiment involving lake trout egg prey. Because the
remainder of the experiment was lost, the experimental design was
collapsed to a one-way analysis of covariance iricorporating the same
covariates but with substrate type as the single fixed factor.
We used the results from the substrate experiment to compare the
performance of round gobies to mottled sculpin when foraging for eggs
over the experimental substrata. We tested whether the foraging
performance of round gobies over the substrate treatments differed from
that of mottled sculpin using a two-way analysis of variance with species
and substrate category as fixed factors. 'The model was estimated using
the GLM procedure in Minitab, with standard length and water
temperature covariates.
Results
Consumption Rate Study
The round gobies weighed more per unit length than themottled
sculpins and the difference increased with increasing -ength (in
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comparison of slopes procedure, t = 4.17, 9to..20 -- 2.086; Table 1). From
the regression we predicted that a 60 mm (SL) goby would weigh 4.58 g,
or 14% more than a sculpin of the same length (4.02 g), with the
difference increasing to 15% at an extrapolated 100 mm SL. However,
mottled sculpin consumed more eggs than round gobies of similar size
(Table 1). A 60 mm (SL) mottled sculpin was predicted to consume an
average of 1.02 eggs per day, or about 23% more than the average for a
round goby of the same length; this difference increases to 52% at 100
mm SL. The predicted maximum consumption rate for a 60 mm mottled
sculpin (4.12 eggs/day) was 66% greater than for a round goby of equal
length. This value declines to 65% greater at 100 mm.
The regressions of average consumption rate on weight could not be used
to predict the "critical" size for either species because both had positive
intercepts. However, we observed that a goby of 56 mm SL used in this
study was able to ingest an egg on two separate occasions, while three
gobies near 50 mm SL never ingested eggs despite many opportunities
and several observed attempts. We conclude that in the round goby the
"critical" size is at least as great as 50 mm, but not as large as 56 mm
SL. Smaller mottled sculpins were able to ingest eggs. In this study 48
and 49 mm sculpins each consumed several eggs, and a 42 mm sculpin
successfully ingested a single egg. The "critical" size for sculpins,
therefore, appears to be slightly less than 42 mm, which is smaller than
the minimum size of 49 mm SL observed by Biga (1996).
Mottled sculpin between 55 and 80 mm SL deposited more yolk debris
while predating lake trout eggs than did round gobies in the same size
range (Fo.j.1 . 5 = 13.86, P<0.005). Overall, egg predation by mottled
sculpin yielded yolk debris 60.4% of the time, against 20.5% of the time
for round gobies. The incidence of yolk debris appeared to be
proportionate to standard length in the round goby, but there was no
relationship between length and yolk incidence in mottled sculpin. There
was no evidence of a sudden increase or decrease in yolk debris near the
predicted "critical" size in either species.
Substrate Study
The first analysis of the goby experiment revealed no effect of water
temperature over the range encountered in this study; this covariate was
therefore dropped and the model re-estimated. Both substrate grade and
prey developmental stage affected the ability of round gobies to consume
lake trout eggs and fry (Table 2). Overall, an average of 6.18 prey/4 d
were taken in the null and rubble treatments, while only 2.0 prey/4 d
were taken in the angular and smooth gravel treatments (Fig. la and b);
The Tukey comparisons revealed no difference between null and rubble
or between angular and smooth gravel. Gobles were uniformly
successful foraging in the rubble and null treatments, with no differences
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among developmental stages (Fig. Ic). In the angular and smooth gravel
treatments, gobies consumed significantly more emergent fry (mean =
5.4, n = 15) than earlier stages (mean = 1.17, n = 15), which did not
differ from one another (Fig. Id).
The first analysis of the mottled sculpin experiment revealed no water
temperature or standard length effect; the covariates were therefore
dropped and the model re-estimated without covariates. Mottled sculpin
had significantly lower success foraging over angular and smooth gravel
substrata (1.33 eggs/4 days) than in the null treatment (9.5 eggs/4
days); success rates within the gravel substrata were indistinguishable
(Table 3; Fig. 2). However, the rubble substratum differed from neither
the null nor the gravel substrata.
The foraging performance of round gobies over the substrate treatments
did not differ from that of mottled sculpin (Table 4). The standard length
and water temperature F-ratios were insignificant and both were dropped
after the first analysis.
Discussion
Our results demonstrate that round gobies will readily consume lake
trout eggs and fry in the laboratory. Round gobies are capable of
penetrating interstitial spaces to obtain prey, and perform similarly to
mottled sculpin when foraging over laboratory substrata. Round gobies
had to be larger in size than mottled sculpin to be able to predate lake
trout eggs in laboratory experiments, and consumed fewer eggs per day
than sculpins of similar size. Small sculpins generated more yolk debris
while foraging than small gobies, but this may have either been due to
superior ability to break egg chorions, or messier eating habits. Under
what conditions, then, could gobies present a threat to lake trout
reproductive success in the wild?
Jude et al. (1995) predict that round gobies will outcompete native
sculpins for space and/or other resources and locally displace or
extirpate the latter in the Great Lakes. This prediction is based on the
more aggressive behavior of the round goby toward allospecific benthic
fishes and the use, by the round goby, of a vast zebra mussel food
resource that is not shared with other benthic fishes. Indeed, food and
space resources that supported mottled sculpin densities of up to 8 m"2
in Calumet Harbor, Indiana, before 1993 now support round goby
populations as dense as 28 m 2 on cobble and 133 m'2 on sand (unpubl.
obs.). Furthermore, in their native range round gobies achieve a far
larger maximum size than mottled or slimy sculpins (290 mm TL versus
150 mm for mottled and 120 mm for slimy sculpins; Berg 1949, Scott
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and Crossman 1973). The largest gobies may predate native Great Lakes
sculpins besides competing with them for space. Round gobies,
therefore, may not simply replace native sculpins on spawning reefs, but
in the presence of zebra mussels may replace them in such high
densities that the predation pressure on lake trout eggs and fry is
multiplied.
Sculpin densities in the Great Lakes vary widely by location and year.
Densities on reefs that are not used by spawning lake trout vary from 1-
5 m"2 in Lake Michigan (Janssen and Quinn 1985) and Georgian Bay
(Emery 1973), compared with 1.9 slimy sculpins m 2 on an artificial
spawning reef in Lake Michigan (Rutecki et al. 1985), and 4-30 m 2
sculpins larger than 50 mm TL on Stony Island Reef in Lake Ontario
(Perkins and Krueger 1995); approximately 50% of these latter fish had
eggs in their stomachs. To date, the extreme concentration of round
gobies observed at Calumet Harbor, Lake Michigan, was a density of 133
m'2; however, this reflects densities on sand, where only juveniles were
found. Densities of adult fish on cobble at the same site averaged 3.35
m 2 and peaked at 19 m"2.
Successful predation on lake trout eggs requires penetration of
interstitial spaces; there is no obvious limitation to the depths to which
the eggs can settle into porous substrates, although measurements have
not been made. Biga (1996) noted that 85 mm (SL) mottled sculpin were
able to apparently able to penetrate up to 22 cm into mixed gravel and
cobble of 5-15 mm diameter. Reticulate sculpin (Cottus perplexus) 30-
40 mm TL are able to penetrate up to 8 cm into gravel with a mean
diameter of 1.6 cm, and larger individuals (50-75 mm) penetrated a
similar distance into 2.2 cm diameter gravel (Phillips and Claire 1966).
We did not specifically test for depth of substrate penetration by round
gobies, though some gobies were able to penetrate through three layers
of all of the substrates we used.
Round gobies can only become predators of lake trout eggs and fry if the
gobies are present on spawning habitat during the late fall or early
spring. Round gobies prefer coarse gravel and sandy inshore habitats,
though in the Great Lakes they tend to be found on cobble substrates
(Miller 1986, Jude et al. 1995). Round gobies usually inhabit shallow
water (< 20 m), but in Europe they are reported to move into deeper
water in winter (up to 60 m depth; Miller 1986). At Calumet Harbor, we
have observed high densities of round gobies near the shoreline in 3 m of
water in January. Thus gobies could be present on both shallow and
deepwater spawning sites during the periods when eggs and fry are
present Although native lake trout were believed to be deepwater
spawners, most of the evidence of spawning by stocked lake trout has
been found on reefs which are shallower than 12 m (Schreiner et al.
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1995). The majority of areas where eggs have been found are also close
to shore; these include man-made structures such as breakwalls and
power-plant intakes (Schreiner et al. 1995). The question of whether
these sites will ultimately support significant reproduction leading
toward population rehabilitation remains unanswered. Spawning in
shallow water avoids predation by burbot, which can consume up to 4-
380 fry/day (Savino and Henry 1991). However, eggs and fry spawned
on shallow reefs are vulnerable not only to gobies but also to fouling by
zebra mussels (which may impede egg settlement and overwinter
incubation; unpubl. data), storms which may displace or damage eggs or
increase sediment deposition (Eshenroder et al. 1995, Manny et al.
1995), and alewife predation on fry (Krueger et al. 1995).
It remains to be seen whether gobies will consume lake trout eggs under
natural conditions in the presence of alternative prey such as zebra
mussels. Given the high caloric content of eggs, and the energetic
expense of breaking open zebra mussel shells, eggs should be attractive
prey. For most of the year the diet of mottled and slimy sculpins consists
primarily of invertebrates, particularly insect larvae and amphipods, yet
they consume lake trout eggs and fry even in the presence of amphipods
under laboratory conditions (Savino and Henry 1991).
The effect of round gobies on lake trout may not be limited to predation
on early life stages. Historically, sculpins have been an important
component of lake trout diets. Presumably, in their deepwater winter
habitat, gobies could also supplement lake trout diet. Round gobies,
however, have highly sensitive lateral line systems, dominated by
abundant superficial neuromasts and lacking a trunk canal. Janssen
(Loyola University, 6526 N. Sheridan, Chicago, IL 60626, pers, comm.)
reports that the lateral line system of round gobies is more sensitive to
both prey and predators in still water than that of the sculpins. Gobies
may therefore be more efficient at detecting lake trout early life stages,
and more efficient at avoiding adult lake trout, than sculpins. If gobies
replace sculpins in some areas, the food available to lake trout may
consequently be reduced.
We conclude that the net effect of round gobies on lake trout will be
negative. If gobies displace sculpins, they will increase the predator
pressure on eggs and fry and reduce forage for adult trout. If gobies
coexist with sculpins, they will still increase the overall predator pressure
on early life stages of lake trout. In either case, gobies may represent a
substantial threat to lake trout rehabilitation.
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Table 1. Regression results from consumption rate study. SL=standard
length (mm), WT=wet weight (g).
L
Fitted Line
Independent Dependenl
Adjusted
variable variable
length/weight regressions
(sculpin WT).33 SL
(goby WT)0 33  SL
average consumption rates (ACR)
mottled sculpin WT
round goby WT
maximal consumption rates (MCR)
mottled sculpin WT
round goby WT
Chockowski and Marden
r
2
0.964
0.993
0.646
0.744
0.511
0.761
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WTi 3 = -0.145 + 0.0289 * SL
WT1 = -0.157 +0.0303 * SL
ACR = 0.269 + 0.186 * WT
ACR = 0.380 + 0.098 * WT
MCR = 2.00 + 0.614 * WT
MCR = 1.21 + 0.324 * WT
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Table 2. ANCOVA table from substrate study: effects of substrate and
prey developmental stage on foraging round gobies.
Source DF Seq SS AdJ SS Adi MS F P
SL 1 0.351 24.354 24.354 8.44 0.007
stage 3 58.454 59.386 19.795 6.86 0.001
substr 3 226.314 200.520 66.840 23.15 0.000
stage*substr 9 30.571 30.571 3.397 1.18 0.348
Error 27 77.946 77.946 2.887
Total 43 393.636
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Table 3. ANOVA table from substrate study: effect of substrate on
mottled sculpin foraging for lake trout eggs
SourceDF Seq SS Adj SS Adj MS F P
substr 3 117.500 117.500 39.167 8.44 0.010
Error 7 32.500 32.500 4.643
Total 10 150.000
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Table 4. ANOVA table from substrate study: effect of species (mottled
sculpin or round goby) on foraging performance over experimental
substrata.
SourceDF Seq SS Adj SS Adj MS F P
spp 1 0.869 2.330 2.330 0.40 0.534
substr 3 164.076 164.076 54.692 9.33 0.000
Error 26 152.474 152.474 5.864
Total 30 317.419
Lake Trout Spawning Page 85
Figure 1 (a-d). Effect of substrate and developmental stage on
consumption rates of round gobies foraging in laboratory arenas.
Values are means of four replicates per treatment ± 1 s.e. (a) lake
trout egg prey, (b) lake trout fry (all stages) prey, (c) rubble and no
substrate treatment, (d) angular and smooth gravel treatments.
Figure 2. Effect of substrate on consumption rates of mottled sculpin
foraging for lake trout eggs in laboratory arenas. Values are means
± 1 s.e. except no substrate treatment. N=3/trtmt except no
substrate treatment (N=2).
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APPENDIX 3. Laboratory incubation of lake trout eggs in clean and
zebra mussel-fouled substrate
The effect of zebra mussel fouling on the development and overwinter
survival rate of lake trout eggs was investigated under laboratory
conditions to compare with field observations. We incubated lake trout
eggs through the winter of 1996-1997 in two rubble-filled cribs in a
laboratory raceway. A one-way analysis of variance design was used,
with each crib containing a different treatment. One treatment consisted
of clean, almost zebra mussel-free rubble; in the other crib contained
rubble encrusted with 12.4 kg m2 of zebra mussels.
Fertilized stripped eggs obtained during IDNR lake trout index gilnetting
in late October 1996 were placed in special incubating devices to protect
them from predation and make later enumeration easier. Six incubating
devices (Sly and Evans 1996), each holding an array of 50 eggs, were
partially buried in the rubble of each crib. The cribs were kept ice-free
through winter by a continuous supply of raw lake water. The
incubating devices were retrieved in March 1997 and analyzed to
determine how many sac fry were present..
Each incubating device consisted of three rectangular pieces of a latticed
plastic material (used to make diffusers for fluorescent light fixtures),
assembled into a "sandwich" with plastic window screen material
separating each piece of lattice. Cable ties were used to bind the
sandwich together. The incubating devices were placed on a long edge
during burial, so that ventilating water could pass through the devices in
a direction parallel to the substrate plane.
When the devices were disassembled at the end of winter, the devices
from the unfouled treatment contained an average of 7.67 (s.d. = 1.03)
live sac fry, while those from the fouled treatment contained 9.83 (s.d. =
4.67) live sac fry. These figures were not significantly different.
APPENDIX 4. Modified emergent fry trap design
We developed a new emergent fry trap design in 1997 to overcome
problems of cost and construction inherent in the older design (Marsden
1988). The new device was conceived as a very economical, but
functionally identical, replacement for the older fry trap design. Whereas
the older design used a welded angle-steel frame that was very durable
but expensive, the new devices have no rigid frame, but maintain their
shape by means of a buoy attached to the top of each device. A
description of the new device follows (also see Figure 13), with early
comments on its performance.
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The new device consists of a cone of 0.08 cm mesh fabric, with the
narrow end fitted to a plastic trap. The wide end is held in a circular
shape by an anchoring ring consisting of 3.8 cm corrugated sump tubing
filled with sand. When deployed the cones had a diameter at the wide
end of approxNimately 60 cm, a height of 40 cm, and a diameter at the
narrow end of approximately 13 cm.
The receptacle at the top of each device consisted several plastic fittings,
attached at one end to the fabric cone (by means of a hose clamp), and at
the other to a 2 L Nalgene(tm) HDPE WM-SC RD bottle lid, from which
the center had been cut and into which a funnel had been glued. When
deployed, the bottle assumed an inverted position, buoyed up by an 11.4
x 8.9 PVC sponge float displacing a pproximately 1 kg of water.
The major advantage provided by the new design is cost: materials for
each device cost only about $20 in 1997, and total construction time was
less than 3 hours per device. For comparison, we estimated the
materials cost for new construction of the old-style devices to be nearly
$ 100 per unit, with at least five hours of construction time needed per
device, including welding. The largest material cost component was
bronze hardware cloth, which was used because it greatly outperforms
ferrous metals in corrosion resistance. In 1997 the new devices were
deployed exclusively by diver, but could be readily outfitted with surface
buoys for use where no diver is available.
In 1997, 42 of the new devices were deployed at Bums Harbor sites. Of
these, two clusters of seven (placed at NR2 and NR3) were lost due to
construction activity. None of the remaining 28 devices was damaged or
malfunctioned during 31 days in the water. However, the anchor rings
on several devices were abraded. We predict a service life of three to five
seasons for the new devices. The older devices,, in contrast, are more
durable, but are vulnerable to rust, electrolytic corrosion where the rivets
meet the hardware cloth,, and metal fatigue when the mesh is bent
during frequent handling. Fry capture rates for the new devices were
indistinguishable from rates for the old devices.
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